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Overall summary 
 Asymmetric cell division is a fundamental and universal process of generating 
cell diversity during animal development. Drosophila melanogaster provides an excellent 
model for understanding the mechanisms of asymmetric cell division. 
 In chapter 3, I described the characterization of MP2 cell division. MP2 is the 
simplest neuroblast lineage in the CNS that shows a fully penetrant sibling cell fate 
transformation phenotype upon removing Notch. I analyzed the MP2 cell division in 
great detail and found that inscuteable mutations had no effect on the sibling cell fate 
specification this lineage. Furthermore, apical-basal spindle orientation as well as 
asymmetric localization of proteins (such as Bazooka, Partner of Inscuteable and Partner 
of Numb) is completely normal in insc mutant MP2 division. In contrast, Notch-like cell 
fate transformations were observed in loss-of-funciton mutations of bazooka (95%) and 
pins (15%). This indicates that although the MP2 precursor contains an intact apical 
complex consisting of Inscuteable, Bazooka and Pins. Only Baz (primarily) and Pins (to a 
small extent) are required to ensure the selective partitioning of Numb to one daughter 
cell only. Thus our findings, that a specific neuroblast lineage shows inscuteable-
independent asymmetry, provide a novel perspective on asymmetric cell division. 
 In chapter 4, I demonstrate that Gβ13F neuroblast (NB) similar-sized division 
phenotype is due to cortical Pins/Gαi. In wt embryos, each NB divides unequally to 
generate two daughter cells with different size and fate. When Pins or Gαi is further 
removed from the Gβ13F NBs, the similar-sized NB division phenotype is rescued. To 
dissect the functions of Pins and Gαi, I overexpressed a chimeric protein of full-length 
 xiv
Pins tagged with the C-terminal part of Pon (Pins-C-Pon) in Gαi mutant. The chimeric 
Pins-C-Pon is uniformly cortical in most mitotic NBs and mimics cortical Pins/Gαi to 
produce two daughter cells with similar size. In the absence of Gαi, ectopic expression of 
Gαo can recruit Pins to the cortical cortex and disrupt spindle asymmetry (90%). 
Although overexpression of Gαi or Gαo can lead to 85% equal-sized division in NBs, 
overexpression of Gαi or Gαo in pins mutant does not cause equal-sized NB division. So 
taken together, Gαi functions through Pins to play a role in spindle asymmetry and Pins is 
the real player. 
In chapter 5, I described an interesting phenotype in embryos overexpressing Gαi 
or Gαo. In wt, spindle pole positions always overlie the apical protein crescent and basal 
protein crescent. However, in embryos overexpressing Gαi (37.5%) or Gαo (50%), the 
crescent of the basal protein complex does not overlie one of the spindles poles during 
metaphase and basal protein such as Mira is bisected into two daughter cells. Here I 
define this phenotype as ‘spindle uncoupling’. The spindle uncoupling phenotype has 
never been observed in any single mutant or double mutant of the apical components. To 
investigate the possibility that spindle uncoupling phenotype was due to the failure of 
spindle reorientation by metaphase, I conducted real-time imaging on the NBs double-
labelled for spindle (Tau-GFP) and basal protein (Pon-GFP) in the embryos 
overexpressing Gαi. In embryos overexpressing Gαi, the mitotic spindle forms normally 
but it only wobbles within the planar plane and does not rotate 90˚ along the apical-basal 
axis by metaphase. When the NB enters anaphase, the spindle was bent with the Pon-GFP 
localizes at the basal cortex, by telophase spindle remains parallel to the epithelial surface 
and Pon-GFP was bisected eventually into two daughter cells. When Gαi or Gαo is 
 xv
overexpressed in pins mutant, no spindle uncoupling was observed, indicating that 
cortical Pins is required for spindle uncoupling phenotype. When Pins-C-Pon is 
overexpressed in Gαi mutant, spindle uncoupling is not observed either, although equal-
sized division occurs. Apically localized Pins and Gαi may provide some anchoring cue 
for spindle to do a 90˚ rotation.  
 
 xvi
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1.1 Drosophila melanogaster as a model organism 
Within a few years of the rediscovery of Mendel’s Rules in 1900, Drosophila 
melanogaster (the so-called fruitfly) became a favorite “model” organism for genetics 
research.  
        Here are some of the reasons for its popularity: 
1. Its small size makes it easy to be maintained in the laboratory. 
2. Short life cycle: a new generation of adult flies can be produced every two weeks. 
3. Fecundity. 
More recently, with the rapid progress of current biological and biomedical biology, 
Drosophila has been recognized as an ideal model organism to elucidate many 
mechanisms involved in apoptosis, neurogenesis, cell cycle, cell division and 
differentiation, axon guidance, cytoskeletal organization, pattern formation and other 
developmental processes. While differences exist between flies and vertebrates, it is clear 
that similarities outweigh differences, and research in flies has led to seminal discoveries 
in signal transduction pathways, pattern formation and other cellular processes. For 
example, signaling pathways like Hedgehog, Wnt, Notch and TGF-β were first elucidated 
in flies and research in flies is still producing important insights into their function and 
interaction (Anderson and Ingham, 2003). 
Here are some additional advantages of using the Drosophila model system for 
development study: 
1. Embryonic development occurs externally, and the entire life cycle as well as the 
anatomy of Drosophila is well characterized. 
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2. The blastoderm stage of the embryo is a syncytium (thousands of nuclei contained 
within one outer cell membrane). Thus, macromolecules injected like DNA can 
easily diffuse to all nuclei in the embryo. 
3.  The genome is relatively small for an animal (less than a tenth that of humans and 
mice). It consists of 4 chromosome pairs, compared to 23 in human and has been 
sequenced (Adams et al 2000). The haploid genome of Drosophila is ~180Mb and 
encodes approximately 13601 genes compared to the human genome of ~3000Mb.  
4. Its genetic accessibility: the availability of balancer chromosomes which allow for 
the stable maintenance of lethal mutations. Mutations can be targeted to specific 
genes. Vectors have been developed to specifically express molecules in certain 
organs or tissues. 
 
1.2 Asymmetric cell division versus symmetric cell division 
Every organism begins as a single cell. Yet, in multicellular organisms, the 
progeny of that cell form a dazzling assortment of cell types. Generation of this diversity 
relies on asymmetric divisions, in which the cell divides to produce two daughter cells 
that adopt distinct fates.  Theoretically, a cell can divide either symmetrically or 
asymmetrically (Fig 1.1). Symmetric cell division produces two identical (cell fate or 
identity) daughter cells, whereas asymmetric cell division generates two daughter cells 
with different fates or identities.  
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Fig 1.1: Two models of asymmetric cell divisions  
(a) Symmetric cell division. Two daughters inherit same cellular components 
including cell fate determinant (green) and adopt the same fate. (b and c) Asymmetric 
cell divisions. (b) Intrinsic asymmetric division: only one daughter inherits the cell fate 
determinant (green) and adopts a different fate from its sibling sister cell. (c) Extrinsic 
asymmetric division: both daughters are initially identical (equivalent potential) but 
become different as a consequence of the interactions between these two daughters or 
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Asymmetric cell division can be achieved by either an intrinsic or extrinsic 
mechanism. An intrinsic asymmetric division involves the preferential segregation of cell 
fate determinants to one daughter cell during mitosis. To achieve this, asymmetrically 
localized cell fate determinants must align with the mitotic spindle to ensure the faithful 
segregation of determinants into one daughter cell. For example, the unicellular budding 
yeast divides with a characteristic polarity and asymmetry of cell fate.  A smaller 
‘daughter’ cell buds off from the larger ‘mother’ cell. The mother cell can switch mating 
type but the daughter cannot. This asymmetry exists because the mother, but not the 
daughter, can express the HO endonuclease which catalyses the genetic recombination 
event that leads to mating-type switching. The Ash1 (asymmetric synthesis of HO) 
protein is an intrinsic determinant for this asymmetric division. Ash1 is normally found 
only in the daughter cell and it is a nuclear protein that functions as a transcriptional 
repressor of HO. In loss-of-function ASH1 mutants, both the mother cell and the daughter 
cell can switch mating type (Jansen et al., 1996; Bobola et al., 1996; Sil and Herskowitz, 
1996). 
Extrinsic mechanisms of asymmetric division involve cell-cell interactions. Such 
that while the two daughter cells are initially equivalent, they adopt different fates as a 
result of their interactions with each other or with their environment. In many instances, 
the combination of both mechanisms is adopted. For example, the integration of extrinsic 
and intrinsic mechanisms enables the asymmetric divisions that occur in the sensory 
organ precursor (SOP) lineage in Drosophila. Cell-cell interaction mediated by the 
transmembrane receptor Notch is required for these asymmetric divisions and the ability 
of four progeny of SOP to assume their distinct and correct fates. Without Notch activity, 
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these asymmetric divisions are rendered symmetric and all four cells become neurons 
(Hartenstein et al., 1990). During each cell division within the sensory organ lineage in 
Drosophila, Numb appears to restrict active Notch-signaling to only one daughter by 
inhibiting Notch activity in the other daughter (Guo et al., 1996; Rhyu et al., 1994; Frise 
et al., 1996), so that the cell-cell interaction becomes asymmetric. The daughter that 
inherits Numb has lower Notch activity relative to its sibling and adopts pIIb fate. This is 
an example of how an intrinsic mechanism using Numb and an extrinsic mechanism 
mediated by Notch can be integrated for the control of cell fate. However this thesis will 
focus on intrinsically asymmetric cell division. 
Although intrinsically asymmetric cell division was first postulated in 1905 
(Conklin, 1905), the first asymmetrically segregating determinant was molecularly 
characterized 90 years later (Rhyu et al., 1994). Today, the significance of asymmetric 
cell divisions for the development of multicellular organisms, including human, is widely 
recognized. Of particular importance is the asymmetric nature of stem cell divisions: 
stem cells must generate daughter cells that are committed to differentiation, while at the 
same time regenerating stem cell. Accumulating evidence suggests that intrinsically 
controlled asymmetric cell divisions regulate the ability of cells to maintain the stem cell 
fate versus acquiring different fate, particularly in the vertebrate nervous system. 
However, most of our mechanistic insights into asymmetric division come from the 
invertebrate model systems, Drosophila and C. elegans. The first division of C. elegans 
one-cell embryos and the embryonic neuroblast (NB) divisions of Drosophila 
melanogaster are ideal systems to study the mechanisms of asymmetric cell division. 
This thesis focus is primarily on asymmetric cell division of Drosophila embryonic NBs. 
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1.3 Asymmetric cell division in Caenorhabditis elegans 
Caenorhabditis elegans provides an excellent model to understand the molecular 
and genetic mechanisms that control asymmetric cell divisions, therefore generate cell 
type diversity during animal development. Early stage embryos, for example one- and 
two-cell embryos, mainly use the intrinsic mechanism to generate founder cells with 
distinct developmental fates, while most cells in later stage embryos divide 
asymmetrically under the control of extrinsic mechanisms or a combination of intrinsic 
and extrinsic mechanisms ( Goldstein and Hird, 1996). 
The first mitotic division after fertilization in a C. elegans embryo is polarized 
along the anterior-posterior axis, producing a larger anterior blastomere called AB and a 
smaller posterior P1 cell. The initial cue for anterior-posterior polarity of the zygote 
appears to be provided by the sperm whose entry position determines the posterior pole 
of the one-cell embryo (Goldstein and Hird, 1996). Regardless of where fertilization 
occurs, the pole of the zygote occupied by the paternal pronucleus with its associated 
centrosomes becomes posterior (Albertson, 1984; Goldstein and Hird, 1996) and the 
opposite pole becomes anterior. 
Sperm entry triggers three events: completion of oocyte meiosis I and II, 
production of a protective eggshell, and specification of an anterior-posterior (A-P) axis. 
The anterior-posterior polarity axis is revealed by the formation of two cortical domains 
consisting of PAR proteins: an anterior domain defined by the presence of a complex of 
PAR-3, PAR-6, and atypical protein kinase C (aPKC) (Etemad-Moghadam et al., 1995; 
Hung et al., 1999; Tabuse et al.,1998; Ohno S., 2001); and a posterior domain defined by 
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PAR-1 and PAR-2 with mutual exclusion of anteriorly localized proteins (Fig 1.2) 
(Kemphues et al. 1988; Boyd et al., 1996). Upon sperm entry, the actin cortex moves 
anteriorly, and yolk granules move in concert with the actin cortex, away from the 
posteriorly localized sperm  
 
Fig 1.2 Polarized distribution of proteins and displacement of mitotic spindle in 
C.elegans P0 division. PAR-3, PAR-6 and PKC-3 form a functional complex localizing to 
the anterior cortex of P0 cell (red). PAR-1 and PAR-2 (green) localize to the posterior 
cortex by mutual exclusion with anterior localized proteins. PAR-4, PAR-5, GOA-1, 
GPA-16 and GPR-1/-2 are uniformly cortical. The mitotic spindle is displaced toward the 
posterior end which results in a bigger anterior daughter (AB blastomere) and a smaller 
posterior daughter (P1). Black line in the middle of two centrosomes (blue dot) is 
condensed chromosome and big black dots represent nuclei.  
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asters (Hird et al., 1993; Hird et al., 1996; Goldstein, 1996). Central cytoplasm moves 
posteriorly, most likely to be driven by the displacement of actin cortex anteriorly. 
Table 1-1 Proteins required for asymmetric cell divisions of the C.elegans and 






Mammals Protein motifs 
PAR-1 Par1 MARKs Serine-threonine 
protein kinase 
PAR-2 Not identified Not identified Ring finger, 
PAR-3 Bazooka PAR3, PAR3L PDZ 
PAR-4 Lkb1 LKB1/STK11 Ser/Thr kinase 
PAR-5 14-3-3ε 14-3-3 Phosphoserine binding 
PAR-6 DmPar-6 PAR6A to PAR6D PDZ, semi-CRIB, PB1 
PKC3 DaPKC PKCι/λ, PKCξ Ser/Thr kinase, PB1 
GOA-1, GPA-16 Gαi Gαo Heterotrimeric Gα 
subunit 
GPR-1/-2 Pins LGN, AGS3 TPR repeats, GoLoco 
motif 
 
The contractile actomyosin network appears to be destabilized near the point of 
sperm entry. This asymmetry initiates a flow of cortical nonmuscle myosin (NMY-2) and 
F-actin toward the opposite, future anterior, pole. PAR-3, PAR-6, and PKC-3, as well as 
non-PAR proteins that associate with the cytoskeleton, appear to be transported by this 
cortical flow. In turn, PAR-3, PAR-6, and PKC-3 modulate cortical actomyosin dynamics 
and promote cortical flow. PAR-2, which localizes to the posterior cortex, inhibits NMY-
2 from accumulating at the posterior cortex during flow (Munro et al., 2004; Shelton et 
al., 1999). 
Both the AB and P1 blastomeres have their own distinct division patterns (Rose 
and Kemphues, 1998b). The AB blastomere orientates its spindle along the transverse 
axis and perpendicular to the A/P axis, while P1 re-orientates its spindle along the A-P 
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axis as in Po. The AB blastomere generates predominantly ectodermal cells, whereas P1 
produces mesoderm, endoderm and germline cells. Genetical screens for maternally 
expressed early regulators of pattern formation in C. elegans have identified six 
partitioning-defective (par) genes (Kemphues et al., 1988; Morton et al., 2002; Watts et 
al., 2000). In these mutants, at least some aspects of the P0 asymmetric cell division are 
disrupted. 
PAR-1 encodes a putative serine/threonine kinase (Guo and Kemphues, 1995) and 
its posterior localization depends on other par genes. In par2 mutant, PAR-1 is 
cytoplasmic in P0, but in par3 mutant PAR-1 distributes uniformly throughout the whole 
cell cortex (Boyd et al., 1996; Etemad-Maghadam et al., 1995). PAR-1 is required for all 
cytoplasmic asymmetries but is not required for the initial localization of other PARs. 
PAR-1 functions to restrict germ plasm components to the posterior end of the embryo. 
The germ plasm is a complex mixture of proteins (e.g., PIE1, MEX-1, POS-1) and RNA-
rich organelles (P granules) essential for germ development. PAR-1 also limits 
transcription factors PAL1 and SKN-1 (a gene product required to specify the fate of 
ventral blastomeres) to the posterior end. Two closely related CCCH finger proteins, 
MEX-5 and MEX-6 are localized to the anterior end. In the absence of PAR-1, P granules, 
PIE-1, SKN-1, and MEX-5 all become uniformly distributed. PAR-1 does not act on P 
granules and PIE-1 directly, but instead functions through MEX-5 and MEX-6 (Rose and 
Kemphues, 1998b; Schubert et al., 2000; Rose et al., 1995; Kemphues, 1988; Tenenhaus 
et al., 1998). In the absence of MEX-5 and 6, P granules and PIE-1 remain uniformly 
distributed (Schubert et al., 2000) and segregate to both daughter cells leading to 
misspecification in cell fates, suggesting a “sequential repression model”. PAR-1 
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excludes MEX-5 and MEX-6 from the posterior and MEX-5 and -6 in turn exclude P 
granules and PIE from the anterior (Kemphues et al., 2000). Interestingly, in mex-5, mex-
6 double mutant, the orientation of the mitotic spindle is not affected in one-cell embryo, 
indicating that the polarity cue is established by PAR proteins rather than MEX-5 and 
MEX-6, therefore, MEX-5 and MEX-6 act downstream of PAR proteins to transduce the 
polarity information into the proper localization of cell fate determinants. 
Among the six par gene products, only PAR-2 colocalizes with PAR-1 to the 
posterior cortex of P0. PAR-2 is a ring finger domain protein and is required for PAR-1 
asymmetric localization. There is a close relationship between PAR-2 and anteriorly 
localized proteins, such as PAR-3, PAR-6 and PKC-3 (aPKC). PAR-3, a protein 
containing three PDZ (PSD-95/Disc large/ZO-1) domains and one 14-3-3 binding 
consensus, is no longer restricted to the anterior half of the P0 cortex when PAR-2 
function is removed, but spread throughout the entire cortex. Conversely, PAR-2 extends 
into the anterior cortex when the function of PAR-3 is compromised. The mutual 
exclusive localization also applies between PAR-2 and other anteriorly localized proteins, 
PAR-6 and PKC-3. PAR-6 is a single PDZ-domain containing protein and PKC-3 is a 
serine/threonine protein kinase. In fact, PAR-3 forms a functional complex with both 
PAR-6 and PKC-3, and this complex is highly conserved in other species. Removal of 
any one of these three proteins will compromise the formation and function of this 
anterior complex with the other members taking on a cytoplasmic localization. PAR-3 is 
also required for epithelial cell polarity and apico-basal asymmetry in C. elegans (Aono 
et al., 2004; Nance et al., 2003). The mutual exclusion of anterior proteins and posterior 
proteins is disrupted in either par-4 or par-5 mutant. The C. elegans par-4 gene encodes 
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a putative serine/threonine kinase, which is uniformly localized throughout the P0 cortex 
and this localization does not depend on any other par gene products. Unlike other PAR 
proteins, PAR-4 has only mild effects on asymmetry at the one-cell stage although it does 
have other functions required for viability (Watts et al., 2000). The most severe 
asymmetry defect observed in par4 mutant appears to be the extended localization of 
PAR-3 and PAR-6 (and probably PKC-3). PAR-3 and PAR-6 extend their localization 
from the anterior half of the cortex into the anterior part of the posterior cortex such that 
their localizations partially overlap with those of PAR-1 and PAR-2 in par-4 mutant one-
cell embryos. Hence the mutual exclusion between the anterior proteins and the posterior 
proteins is partially disrupted. This mutual exclusion is further disrupted in par-5 mutant 
embryos. 
par-5 gene encodes a 14-3-3 protein with multiple functions in signal transduction 
(Tzivion and Avruch, 2002; Tzivion et al., 2001; Van Hemert et al., 2001; Yaffe, 2002). 
In par-5 mutant embryos, all asymmetrically localized proteins including cortical PAR-1, 
PAR-2, PAR-3, PAR-6, PKC-3, cytosolic MEX-5 and P-granules are delocalized. PAR-1 
and PAR-2 spread into the anterior cortex and largely overlap with the posteriorly 
expanded PAR-3 and PAR-6. MEX-5, MEX-6 and P-granules are also no longer 
asymmetrically localized in par-5 mutant embryos. 
Spindle positioning in C. elegans can be defined as two processes: (a) alignment 
of the spindle along the anterior-posterior axis and (b) asymmetrical displacement of the 
spindle toward the posterior. Genetic and molecular analyses of the par genes have 
enabled some understanding of the link between polarity and spindle orientation and 
displacement. In all par mutants, asymmetrical anaphase movement of the spindle fails 
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(Cheng et al., 1995; Kemphues et al., 1988). Therefore, the cortical polarity determined 
by the PAR proteins must communicate in some way with the mitotic spindle to position 
it. Insight into regulation of spindle position by PAR proteins has come from beautiful 
studies from Grill et al. (2001). Through a series of spindle-cutting experiments, they 
showed that the pulling force at the flat posterior aster is greater than that at the round 
anterior aster, which could explain the posterior displacement of the spindle. The force 
difference depends on PAR-2 and PAR-3. In par-2 mutants, both asters are round and the 
pulling force at each pole is low; in par-3 mutants both asters are flat and the pulling 
force at each pole is high. 
The force imbalance between posterior pole and anterior pole is due to a larger 
number of force generators pulling on astral microtubules of the posterior aster relative to 
the anterior aster (Grill et al., 2003). By examining the residence time of individual astral 
microtubules at the cell cortex of developing C. elegans embryos, microtubules are found 
to be more dynamic at the posterior cortex compared to the anterior cortex during spindle 
displacement (Labbe et al., 2003). And this microtubule dynamics asymmetry depends on 
PAR-3 protein, and activation of heterotrimeric G protein α subunits is required to 
generate these astral forces. 
How is the polarity information transduced to spindle behavior? It has recently 
become clear that heterotrimeric G proteins are key factors. It was previously shown that 
GPB-1, the Gβ subunit of heterotrimeric G proteins, is required for orientation of early 
cell division axis (Zwaal et al., 1996). However, the localization and other activities of 
the PAR proteins are unaffected, suggesting that Gβ acts downstream of the PARs (Zwaal 
et al., 1996). In concert with GPB-1, GOA-1 and GPA-16, two Gα-subunits are also 
Chapter 1                                                                                                           Introduction 
 14
required for correct displacement and orientation of the mitotic spindle (Gotta and 
Ahringer, 2001c). 
More recent work has focused on trying to understand how heterotrimeric G-
protein signaling is activated and modulated during spindle positioning. Loss of function 
of GPR-1/2 (G-protein regulator-1/2) results in a symmetrically positioned cleavage 
plane, as does loss of function of both Gα subunits (Colombo et al., 2003; Gotta et al., 
2003; Srinivasan et al., 2003). 
Interestingly, GPR-1/2 is enriched at the posterior cortex and unequal pulling 
forces between the anterior and posterior cortices are dependent on this asymmetric 
localization (Colombo et al., 2003). GPR-1/2 associates with Gα subunits via a protein 
motif called the GoLoco motif. GoLoco motifs are unique because they bind Gα subunits 
in a form that is bound to GDP but not to the Gβγ subunit. This form does not occur in 
the classical G protein cycle, but it is stabilized, because GoLoco domains inhibit GDP 
dissociation and prevent reassociation of the heterotrimer at the same time. Hence 
GPR1/2 has been proposed to promote the release of Gβγ from Gα; however, Gβγ does 
not seem to play a role in spindle positioning in C. elegans. Inactivation of Gβγ results in 
abrupt back and forth movement of centrosomes, a phenotype that can be suppressed by 
further inactivation of Gα, indicating that it results from excessive Gα activity (Tsou et al., 
2003a). 
The recent finding that a GEF for monomeric Gα (RIC-8) and a GAP (RGS-7) are 
required for mitotic spindle positioning shows that GDP/GTP exchange is important for 
the mitotic function of heterotrimeric G-proteins (Afshar et al., 2004; Couwenbergs et al., 
2004; Hess et al., 2004). RIC-8 has been shown to behave as a guanine exchange factor 
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(GEF), but is not required for normal cortical localization of GOA-1 (Afshar et al., 2004; 
Hess et al., 2004). Interestingly, RIC-8 was recently shown to be also required for cortical 
localization of GPA-16 but does not act as a GEF for GPA-16 (Afshar et al., 2005). 
Depletion of RIC-8 results in a symmetrically positioned cleavage plane due to strongly 
reduced pulling forces on spindle poles, indicating that RIC-8, like Gα and GPR-1/2, 
plays a positive role in spindle positioning. 
One model proposed that following the association of GPR-1/2 with GOA-1, 
RIC-8 promotes the exchange of GDP by GTP and GOA-1-GTP becomes the signaling 
molecule responsible for spindle positioning. However, this model was challenged by 
data that loss of GPB-1, the Gβ subunit, alleviates the need for RIC-8 in the one-cell 
embryo (Afshar et al., 2004; 2005). This additional data led to the proposition that RIC-8 
functions before GPR-1/2 association with GOA-1 to make GOA-1 available for the 
interaction with GPR1/2. This model suggests that the active molecule is a GOA-1-GDP-
GPR-1/2 complex. Neither of these models explains the phenotype resulting from the loss 
of function of rgs7 (Hess et al., 2004). 
RGS proteins bind to G protein α subunits and act as GAPs because they 
accelerate GTP hydrolysis (Ross and Wilkie, 2000). In rgs-7 mutant worms, the size 
difference between the anterior and posterior daughter cells is larger than in wild-type 
because the mitotic spindle is pulled even further to the posterior end. Spindle cutting 
experiments reveal that pulling forces are unchanged at the posterior pole but are 
significantly decreased at the anterior end, indicating that GTP hydrolysis is also 
important for the mitotic function of G proteins and GTP hydrolysis enhanced and 
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prolonged the signaling, unlike the signal termination by GTP hydrolysis in classical G 
protein regulation. 
Since RGS-7 seems to affect forces only at the anterior cortex, heterotrimeric G 
protein signaling may employ different mechanisms to control forces at the anterior and 
posterior cortices of the C. elegans one-cell embryos. 
Two additional players have been found to have a role in spindle positioning in C. 
elegans. GPR-1/2 has been shown to physically interact with LIN-5, a coiled-coil protein. 
Loss of LIN-5 function results in a symmetrically positioned cleavage plane, an identical 
phenotype observed in loss of GPR-1/2 function (Lorson et al., 2000), although the forces 
acting on the spindle poles have not yet been measured in lin-5 mutants. Interestingly, 
LIN-5 has been proposed to be the functional homologue of mammalian NuMA (nuclear 
mitotic apparatus protein) which binds and stabilizes microtubules (Du et al., 2002). 
Furthermore, mammalian Pins homologue binds NuMA and regulates mitotic spindle 
organization (Du et al., 2001). 
Gα/GPR-1/2 signaling has been genetically shown to be down-regulated by let-99 
(Tsou et al., 2003a). Interestingly, LET-99 is a DEP-containing protein (Tsou et al., 
2002), and DEP domains are found in components of G protein signaling pathways. 
In addition, a number of less well characterized proteins have been identified to 
be involved in asymmetric cell division of the early embryo of C. elegans, for example, 
POD-1 (Rappleye et al., 1999), POD-2 (Tagawa et al., 2001), OOC-3 (Pichler et al., 
2000), OOC-5 (Basham et al., 2001), SPN-1, SPN-4 (Gomes et al., 2001; Ogura et al., 
2003), GLP-1 (Evans et al., 1994), ZYG-8 (Gonczy et al., 2001), CUL-2 (Sonneville et 
al., 2004) and ZYG-11 (Liu et al., 2004) and so on. 
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1.4 Asymmetric cell division in Drosophila melanogaster central nervous system 
Drosophila melanogaster provides another excellent model for understanding the 
mechanism of asymmetric cell divisions during animal development. The embryonic 
nervous system of Drosophila melanogaster can be divided into three broad functional 
domains: (a) the ventral nerve cord (VNC), (b) the peripheral nervous system (PNS) and 
(c) the brain. The ventral neurogenic region or neuro-epithelium is made up of bipotential 
neuroectodermal cells, which can become either primary neuronal precursor cells (called 
NBs) or epidermal precursor cells (called epidermoblasts). NBs emerge within groups of 
ectodermal cells called proneural clusters (Cubas et al., 1991; Skeath and Carroll, 1991), 
which acquire neural potential by expressing proneural genes such as achaete, scute, and 
lethal of scute. Proneural genes presumably help activate genes that implement the neural 
differentiation program. The singling out of NBs from the proneural clusters occurs 
through a process called ‘lateral inhibition’ (Simpson, 1990) which requires the function 
of neurogenic genes, such as Delta and Notch. 
Segregation of NBs is a discontinuous process that takes approximately three 
hours and occurs in pulses or waves giving rise to different sub populations of NBs. In 
total there are five waves starting just after gastrulation (Campos-Ortega and Jan, 1991; 
Doe et al., 1992). Once formed, all NBs reside in a stereotypical array, consisting of 
seven rows and five columns. The final pattern of NBs in each segment is invariant 
(Truman et al., 1988; Doe and Goodman, 1985). Each NB has a unique identity defined 
by the position of formation within a segment, its time of formation, the combination of 
specific genes that it expresses and the largely invariant clone of neurons 
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Fig 1.3  Delamination and asymmetric cell division of NBs. NB delaminates from 
a specialized epithelium layer and undergoes repeated asymmetric cell division, 
generating two daughter cells with distinct fates. The larger apical daughter cell retains 
NB identity and continues to divide in a stem-cell-like fashion. The smaller basal 
daughter cell becomes a ganglion mother cell (GMC) which undergoes a terminal 
division to generate two neurons or glial cell. 
 
and glia it generates (Buenzow and Holmgren, 1995; Chu-LaGraff et al., 1995; Udolph et 
al., 1993). 
All NBs (except the MP2 precursor) divide in a stem-cell-like mode to generate a 
second NB and a smaller ganglion mother cell (GMC). About 30 NBs divide and 
Chapter 1                                                                                                           Introduction 
 19
differentiate to eventually give rise to about 320 neurons and 30 glial cells per 
hemisegment (Bossing et al., 1996; Schmidt et al., 1997). 
During delamination from the specialized epithelial layer called neuroectoderm, 
NB retains transient contact with the neuroectoderm via a membrane stalk before 
complete delamination (Fig 1.3, Campos-Ortega and Jan, 1991). After delamination, each 
NB lies immediately underneath the neuroectoderm, retains apical-basal polarity, and 
undergoes repeated asymmetric cell division, generating two daughter cells with distinct 
fates. The apical larger daughter cell retains NB identity and keeps dividing 
asymmetrically. The basal smaller daughter cell is the GMC, which divides once 
terminally to produce neurons/glial cell. 
NBs asymmetric cell divisions have three features (Fig 1.4): (a) asymmetric 
localization of proteins: apical protein complexes and basal protein complexes; (b) 
apical-basal spindle orientation: the mitotic NB always re-orientates its spindle along the 
apical-basal axis; (c) unequal daughter cell sizes: NB generates two daughters with 
distinct cell sizes after the completion of mitosis. 
 
1.4.1 Asymmetric localization and segregation of cell fate determinants. 
The first asymmetrically distributed protein identified in Drosophila 
melanogaster is Numb, a PTB (phosphotyrosine-binding domain) containing protein. In 
numb mutants, sensory neurons are transformed into lineage-related  
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Fig 1.4 NBs asymmetric cell division. In mitotic NBs, seven known proteins are localized 
to the apical cortex which form a functional apical complex (red crescent): DmPar6 and 
DaPKC bind to Baz and Baz binds to Insc. Pins physically interacts with Insc and Gαi. 
Gαi binds to Loco. This apical complex is required for normal basal localisation of 
Mira/Pros, Pon/Numb and Stau/prospero RNA (green crescent) as well as mitotic spindle 
rotation. Two tumour suppressors Lgl and Dlg are also required for the localisation of the 
basal components. 
 
nonneuronal support cells (Uemura et al., 1989). In the SOP lineage, Numb is 
asymmetrically localized at the anterior cortex and is segregated predominantly into the 
pIIb cell after division (Rhyu et al., 1994; Knoblich et al., 1995; Gho and Schweisguth, 
1998). Loss of numb function causes the SOP division to become symmetric, resulting in 
the duplication of the IIa and consequently the external sensory (ES) organ contains only 
four outer cells and lacks two inner cells (Uemura et al., 1989; Rhyu et al., 1994; Wang et 
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al., 1997; Bhalerao et al., 2005). Conversely, over-expression of Numb in SOP leads to 
the opposite cell-fate transformation: the ES organ contains four inner cells and no outer 
cells (Rhyu, et al., 1994; Wang et al., 1997). Numb is also asymmetrically localized to 
the basal cortex of mitotic embryonic NB and is subsequently segregated into the smaller 
basal GMC. The role of numb in CNS NBs however remains unclear, as NBs divisions 
are unaffected in numb mutants (Uemura et al., 1989; Rhyu et al., 1994; Spana et al., 
1995).  
The only known CNS NB division that shows a strict requirement for Numb is the 
MP2 precursor (Spana and Doe, 1995; Spana et al., 1995). The MP2 precursor divides 
asymmetrically to generate a more basally and dorsally located dMP2 neuron and a more 
apically located vMP2 neuron. During the MP2 division Numb localizes dorsally and is 
inherited by dMP2. Lack of Numb function transforms dMP2 into vMP2 (the sibling of 
dMP2), while overexpression of Numb results in the reverse transformation of vMP2 into 
dMP2. Hence, Numb functions as a determinant to specify the fate of the daughter that 
inherits the protein. The asymmetric segregation of Numb is also required in muscle 
progenitor cells for their daughters to adopt distinct fates (Uemura et al., 1989; Ruiz-
Gomez and Bate, 1997; Carmena et al., 1998). 
Numb specifies cell fate by antagonizing Notch signaling. Notch loss-of-function 
phenotypes are opposite to those observed with numb loss-of-function. In genetic 
epistasis experiment Notch was placed downstream of numb in both SOP and MP2 
lineages (Guo et al., 1996; Spana and Doe, 1996). Via its PTB domain, Numb can bind to 
Notch and to Sanpodo, a transmembrane protein involved in Notch signaling (O’Connor-
Giles et al., 2003; Hutterer et al., 2005). When the PTB domain is deleted, Numb 
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becomes completely non-functional (Frise et al., 1996). Thus, the ability to inhibit Notch 
is essential for Numb to determine cell fates.  
prospero (pros) is another gene that acts as the cell fate determinant in the 
Drosophila CNS. pros was identified in a genetic screen for genes controlling cell fate in 
the Drosophila developing CNS (Doe et al., 1991). pros encodes a homeodomain-
containing protein which functions as a transcription factor required for proper GMC 
gene expression (Doe et al., 1991; Matsuzaki et al., 1992). Loss of pros results in aberrant 
expression of multiple cell-cycle regulatory genes and ectopic mitotic activity. NBs 
lacking pros function generate abnormal cell lineages. In contrast, overexpression of Pros 
blocks cell divisions (Li  and Vaessin, 2000).  
pros regulates other neuronal precursor genes and is essential for axonal 
outgrowth and path-finding of numerous central and peripheral neurons and maintains the 
mitotic potential of glial precursors (Vaessin et al., 1991; Griffiths et al., 2004). 
Pros is asymmetrically localized in dividing NBs (Hirata et al., 1995; Knoblich et 
al., 1995; Vaessin et al., 1991; Bi et al., 2003). In late interphase NBs, Pros is localized at 
the apical cortex. It moves to the basal cortex during prophase and forms a tight basal 
crescent at metaphase and early anaphase. Eventually Pros is preferentially segregated 
into the GMC cell. Pros is membrane-associated prior to cytokinesis but is translocated 
from the GMC cortex into the GMC nucleus to turn on GMC specific gene expression 
and to repress NB specific gene expression. 
Although Numb and Pros colocalize to the basal cortex of NBs from prophase to 
metaphase and both are segregated predominantly into the GMC, their localizations show 
obvious differences. Pros can be detected at the apical cortex at interphase and is 
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translocated into the GMC nucleus after cytokinesis whereas Numb is cortical at 
interphase, forms a basal crescent from prophase to anaphase, is partitioned into the 
GMC and disappears after cell division. In addition, the fact that each protein localizes 
normally in the absence of the other confirms that Pros and Numb are localized to the 
basal cortex independently. These differences indicate that Numb and Pros may achieve 
their asymmetric localization through distinct mechanisms. What are the mechanisms that 
mediate the asymmetric localization of Numb and Pros into the GMC? 
 
1.4.2 Adaptor proteins Miranda and Partner of Numb (Pon) direct the proper 
localization of cell fate determinants Pros and Numb, respectively. 
Pon was identified in a yeast two-hybrid screen for molecules that interact with 
Numb (Lu et al., 1998b). Pon is a novel protein and contains nine NPXX motifs, which 
are PTB domain-binding motif, at its N terminus. Its central part contains a coiled-coil 
domain required for protein-protein interaction and an α-helical region that is necessary 
and sufficient for asymmetric localization of Pon in NBs (Lu et al., 1999). 
Pon interacts directly with Numb in vitro and in vivo. Pon colocalizes with Numb 
in dividing NBs, SOPs and muscle progenitors and is required for proper Numb 
localization in these cells. In mitotic muscle progenitor cells, Numb shows cytoplasmic 
distribution at prophase and metaphase in all the embryos and is inherited by both 
daughter cells after cell division in one half of the muscle progenitor divisions, leading to 
cell fate transformations (Lu et al., 1998b). However, in NBs and SOP cells of pon 
mutants, Numb shows a mild mislocalization phenotype. The formation of Numb 
crescents does not occur at late prophase or even at metaphase but at anaphase and 
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telophase during which the majority of Numb accumulates normally at the basal cortex as 
a crescent which ultimately segregates into the GMC. These data suggest that the 
mechanisms used for correct Numb localization vary in different developmental contexts. 
Numb is not required for Pon asymmetric localization since Pon localization is not 
affected in numb mutants. In NBs, Pon is uniformly distributed in the cytoplasm at 
interphase. It moves to the cortex at early prophase, accumulates to the basal cortex and 
forms a tight crescent at late prophase and metaphase and is then segregated to the GMC 
after cell division (Lu et al., 1998b). Development of the Green Fluorescent Protein (GFP) 
technique offers the possibility to monitor the movement of GFP-tagged protein in vivo. 
Using this technique, the domain required for correct Pon localization was identified and 
the kinetics of Pon localization was elucidated (Lu et al., 1999). 
Mira was isolated in yeast two-hybrid screens to identify novel proteins that 
interact with the asymmetric localization domain of Pros (Shen et al., 1997; Ikeshima et 
al., 1997). Mira contains four predicted coiled-coil domains in its middle portion, two 
leucine-zipper motifs in its C-terminal half and eight consensus PKC phosphorylation 
sites at its C-terminus. 
Mira co-localizes with Pros in mitotic NBs through all cell cycle stages and is 
required for correct segregation of Pros into GMCs, but not vice versa. In GMCs, Mira 
quickly becomes undetectable while Pros translocates into GMC nuclei (Schuldt et al., 
1998; Shen et al., 1998). Analysis of six mutant alleles from an EMS mutagenesis screen 
revealed two steps by which Mira regulates Pros localization. First, Mira tethers Pros to 
the apical membrane and then to the basal cortex of dividing NBs, directing Pros into 
GMCs which bud off from the basal side of NBs; second, Mira needs to be down-
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regulated via proteolytic degradation to release Pros from the GMC cell cortex probably. 
It was further determined that the N-terminus of Mira is sufficient for its own asymmetric 
localization and a more C-terminal region containing a coiled-coil domain interacts with 
Pros and Staufen (Stau) (Ikeshima et al., 1997; Shen et al., 1998; Schuldt et al., 1998), 
which was identified as an Insc interacting Partner (Li et al., 1997) . 
Given that the degradation of Mira is required for Pros release from the cell cortex 
and its translocation into the nucleus, overexpression of Mira might retain Pros at the 
cortex. However, when Mira is overexpressed, Pros still translocates into the nucleus 
despite the high level of Mira at the cortex (Ikeshima, et al., 1997). Alternatively, the 
degradation of Mira might be the consequence of release of Pros from the cortex. In a 
specific mira mutant, miraRR127, Pros is localized to the basal cortex of the NB and 
segregated to the GMC normally but then fails to release from the cortex and translocate 
to the nucleus. Molecular analysis showed that this mutant causes a reading frameshift. 
Consequently, the C-terminal 103aa of Mira, containing the consensus PKC 
phosphorylation sites, is replaced by 112 unrelated amino acids. This suggests that 
phosphorylation might regulate the interaction between Mira and Pros, therefore, the 
degradation of Mira might be a consequence, rather than a cause, of Pros release from the 
cortex.  
Numb/Pon basal localization is independent of other basal complex components 
and vice versa. Loss of function of pros or mira does not affect the localization of 
Numb/Pon and mutants of numb or pon do not affect the localization of Pros/Mira 
(Knoblich et al., 1995; Shen et al., 1997; Ikeshima et al., 1997; Lu et al., 1998b). 
 
Chapter 1                                                                                                           Introduction 
 26
The localization of cell fate determinants and their respective adaptor proteins is 
affected in embryos bearing mutations in apical complex genes, such as insuteable (insc),  
(Kraut et al., 1996). It was shown that N-terminal regions of Mira can physically interact 
with the apical protein Insc in vitro, which indicates that Mira might act as a multidomain 
adaptor linking apical protein Insc and basally localized Pros and Stau during NB 
asymmetric cell divisions. Mira was found to accumulate on the centrosomes and 
spindles of early Drosophila embryos and accumulate around one of the centrosomes in 
dividing larval NBs (Mollinari, et al., 2002). 
Stau also binds to the C-terminal portion of Insc which is dispensable for Insc 
function in terms of NB asymmetric cell divisions. Stau is required for localization of 
maternal RNAs during Drosophila oogenesis and encodes a protein with several double-
stranded RNA binding domains (St Johnston et al., 1991). Indeed, the role of Stau in NB 
asymmetric cell division is also related to its dsRNA binding activity.  Stau binds directly 
to pros RNA in vitro and colocalizes with pros RNA as well as Pros, in dividing NBs at 
all cell cycle stages (Li et al., 1997). 
Stau is required for pros RNA basal localization, but not for Pros and Mira. The 
pros RNA localization is independent of Pros protein localization and vice versa. In stau 
mutant embryos, pros RNA is no longer basally localized in dividing NBs, while the Pros 
and Mira proteins still asymmetrically localize and segregate into basal GMCs. All data 
suggest that the basal localization of pros RNA probably functions as a backup system to 
ensure that Pros is segregated into GMCs to specify GMC fates (Broadus and Doe, 1997). 
 
1.4.3 Inscuteable, a pivotal regulator, coordinates asymmetric cell division in NBs 
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The first apical protein identified in NBs is Inscuteable (Insc). Insc comprises one 
putative SH3 binding motif, five putative Ankyrin like-repeats, one NLS (nuclear 
localization sequence) and one type I PDZ domain binding motif. insc mutants were 
isolated from an enhancer trap screen to screen lines that express β-galactosidase in 
embryonic NBs. Two insc mutant alleles were generated: inscP72 which removes all the 
genomic region of the insc locus and inscP49 which removes part of its genomic region 
(Kraut and Campos-Ortega, 1996).  
The expression of Insc is first observed in the cells of mitotic domain 9 (in the 
procephalic neurogenic region, PNR) in the head at stage 8 embryos. The cells of domain 
9, which are NBs that will give rise to the larval brain (Foe, 1989), are comprised of a 
subset of the ectodermal cells where Insc forms apical crescents and Numb and Pros form 
basal crescents, similar to those in NBs of the segmented CNS. However, it is not 
expressed in other ectoderm cells of the epithelium. Later, Insc is expressed in all 
embryonic and larval NBs. In these cells Insc shows asymmetric localization with cell-
cycle dependency. In delaminating NBs, Insc localizes to the apical stalk, a portion of the 
apical membrane that maintains contact with the ectoderm cells. Shortly after 
delamination, NBs enter mitosis and divide perpendicular to the epithelial plane. The 
apical Insc crescent persists through prophase and metaphase. At telophase, Insc localizes 
throughout the cortex of the apical daughter cell which retains NB identity but not in the 
GMC. The apical localization of Insc is crucial for NB asymmetric cell division. In 
inscP49 mutant embryos, Numb and Pros form random crescents in a small proportion of 
metaphase NBs (10%), but form a basal crescent properly at anaphase onwards and are 
predominantly segregated to the basal GMC (a phenomenon called “telophase rescue”, 
Chapter 1                                                                                                           Introduction 
 28
Peng et al., 2000). However, neither Numb/Pon nor Pros/Mira loss of function affects 
Insc localization. 
Statistic analysis showed that spindle orientation in insc mutant embryos was also 
affected such that the mitotic spindle was not always orientated along apical-basal axis as 
in wt embryos (Cai et al., 2001). Insc plays crucial roles not only in NB division but also 
in GMC divisions (Buescher et al., 1998). Although Insc is not segregated into GMCs 
during NB divisions, it is synthesized de novo in dividing GMCs where it also localizes 
apically and is required for proper segregation of Numb into the basal daughter cell. Most 
GMCs divide only once to generate two postmitotic neurons of distinct fates. For 
example, GMC4-2a divides asymmetrically to produce a larger RP2 daughter and a 
smaller RP2 sibling cell (RP2sib) while GMC1-1a gives rise to aCC and pCC neurons. In 
insc mutants, GMC4-2a divides symmetrically to generate two RP2 neurons whereas 
symmetric division of GMC1-1a produces two aCC neurons. During GMC4-2a 
asymmetric division in insc mutant, Numb fails to form a basal crescent and is localized 
uniformly all throughout the cortex and segregates into both the daughter cells where 
Numb antagonizes Notch signaling, leading to RP2sib to RP2 cell fate transformations 
and duplication of the RP2 neuron (Buescher et al., 1998). This phenotype is opposite to 
that observed in numb mutants, which exhibits the transformation from RP2 to RP2sib as 
neither of the two daughter cells inherits Numb and hence Notch signaling is active in 
both the daughter cells, as a result, RP2 neuron is missing and RP2sib is duplicated 
(Spana and Doe, 1996; Skeath and Doe, 1996; Campos-Ortega et al., 1996). 
In addition, Insc is also expressed in other tissues such as muscle progenitor cells 
and the sensory organ precursor (SOP) lineage of the PNS. In contrast to the fixed apical 
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crescent of Insc in mitotic NBs, Insc is localized as a cortical crescent in muscle 
progenitors without a fixed orientation. However, Numb forms a crescent always at the 
opposite side of Insc and partitions preferentially into only one of the two daughter cells 
(Carmena et al., 1998). Loss of insc function shows a strong defect such that Numb is 
equally segregated into two daughter cells. Consequently, the daughter cells adopt a cell 
fate transformation. Insc also plays a role in the pIIb division of the SOP lineage. The 
SOP cell lineage involves two distinct types of cell division: (a) the anterior-psoterior pI 
division, where Insc is not expressed and two daughter cells of similar sizes are generated 
in the plane of epithelium; (b) the NB-like apical-basal division of the pIIb cell, where 
Insc is expressed and localized as an apical crescent and two distinct daughter cells are 
produced along the apical-basal axis. Loss of insc function does not affect spindle 
orientation in the pI cell division. In insc pIIb cells, mitotic spindle is oriented not along 
the apical-basal axis but in the plane of the epithelium (Bellaiche et al., 2001a; Orgogozo 
et al., 2001; Roegiers et al., 2001). 
insc mRNA is also localized to the apical cytoplasm in dividing NBs and, as with 
many other localized mRNAs, this localization signal is located in the 3’ un-translated 
region (UTR). However, this localization appears not to be required for Insc protein 
localization (Tio et al., 1999). insc mRNA apical localization is dynein-dependent 
(Hughes et al., 2004). 
The expression of Insc in the segmented NBs is regulated by three snail family 
genes snail, escargot and worniu (Cai et al., 2001; Ashraf et al., 2001). Simultaneous 
removal of these three transcription factors leads to down-regulation of insc 
transcription/translation in the segmented CNS. Phenotypic analysis of the deletion of all 
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three genes reveals two distinct mechanisms which regulate NB asymmetric divisions: an 
Insc-dependent mechanism (dominant) and an Insc-independent mechanism (Cai et al., 
2001). 
 
1.4.4 Bazooka, DaPKC and DmPar-6 complex, conserved machinery that directs 
asymmetric cell division 
NBs originate from neuroepithelial cells, which are polarized along the apicobasal 
axis and divide symmetrically along the planar axis. During delamination, NBs lose 
epithelial junctional constraints. How do NBs establish their own polarity? One 
hypothesis is that NBs may inherit the apical-basal polarity (or cue) from the epithelium 
and then establish their own polarity through Insc after delamination. 
In an effort to look for genes required for early embryonic patterning defects of 
the cuticle, Bazooka (Baz) was identified and has been shown to control epithelia cell 
polarity in embryos (Muller and Wieschaus, 1996; Wieschaus et al., 1984). baz encodes a 
protein with three PDZ domains, which shares significant homology to PAR-3, a polarity 
protein involved in asymmetric cell division of early embryos in C. elegans. In the 
nematode, PAR-3 is localized to the anterior cortex and plays a crucial role in 
asymmetric cell division of the one-cell embryo (see introduction 1.3). PDZ domains are 
protein-protein interaction domains that can interact with short carboxyl-terminal peptide 
motifs or with other PDZ domains (Doyle et al., 1996; Hillier et al., 1999; Ponting et al., 
1997; Fanning and Anderson, 1996; Woods and Bryant, 1993). In epithelial cells Baz is 
localized in the apical cortex and enriched in the adherens junction. In delaminating NBs, 
Baz is localized to the apical stalk together with Insc. Baz forms an apical crescent and 
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colocalizes with Insc throughout mitosis (Kuchinke et al., 1998; Wodarz et al., 1999; 
Schober et al., 1999). Colocalization of Baz and Insc indicates that these two molecules 
may act in the same pathway. As expected, biochemical analysis showed that Baz forms a 
complex with Insc in vivo. In baz zygotic mutants, a small proportion of NBs show mild 
defects in mitotic spindle orientation and Insc localization and epithelial structure is only 
mildly disrupted at early stage but is very strongly defective at later stages, suggesting 
that the maternal contribution of Baz may compensate for the loss of zygotic Baz. When 
both maternal and zygotic components of baz are depleted by germ line clone, NBs show 
severe defects in both spindle orientation and protein localization (Wodarz et al., 1999; 
Schober et al., 1999). Insc becomes cytoplasmic during mitosis in baz germ line clones. 
Similarly in insc mutants, Baz becomes strongly reduced in its intensity or undetectable 
in a significant number of NBs while it is not affected in the epithelial cells, suggesting 
that apical localization of Baz does not require Insc function but the maintenance of this 
crescent does. In addition, maternal and zygotic depletion of Baz leads to mislocalization 
of the basal proteins such as Pros/Mira and Numb/Pon. At metaphase, they become 
uniformly distributed around the cortex yet somehow still segregate asymmetrically into 
the GMC, suggesting that asymmetric localization and segregation of the basal 
components involve two independent machineries which are Insc-dependent prior to 
metaphase and Insc-independent after metaphase (Wodarz et al., 1999; Schober et al., 
1999). 
Taken together, these observations support the view that NBs inherit their apical-
basal polarity from epithelial cells through Baz during delamination and then establish 
their own polarity through Insc during the following mitosis (Yu et al., 2000, reviewed by 
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Matsuzaki 2000). Baz shows an overall similarity to PAR-3, a worm polarity protein, 
suggesting the possibility that machinery of asymmetric cell division of the worm might 
be conserved with that of the fly. In C. elegans one-cell embryo, a protein complex 
containing Par-3, Par-6 and atypical PKC (aPKC) is localized at the anterior cortex and 
their anterior localization are inter-dependent. Since all three proteins have evolutionarily 
conserved homologs from Drosophila to mammals, it is interesting to see whether their 
functions are also conserved through evolution. 
The fly homolog of PKC-3, DaPKC, shows very high sequence similarity to 
PKCλ and PKCξ from vertebrate and is the only atypical protein kinase C in the 
Drosophila melanogaster genome. DaPKC interacts in vitro and in vivo with the middle 
part of Baz containing the three PDZ domains. DaPKC localizes to adherens junctions of 
epithelial cells and forms an apical crescent in dividing NBs like Baz, localization of 
DaPKC in both tissues depends on the function of Baz as these localizations are 
abolished in baz mutants. Like PAR-3 in C. elegans, Baz localization also requires 
DaPKC function. In DaPKC mutants, Baz no longer localizes asymmetrically to the cell 
cortex in both epithelium and NBs. As a consequence, the apical localization of Insc is 
disrupted in DaPKC mutants (Wodarz et al., 1999; Wodarz, 2000). DaPKC mutants also 
show reduced cell proliferation in both NBs and epithelia (Melissa M. Rolls et al., 2003). 
As a protein kinase, DaPKC phosphorylates the cytoskeleton protein Lethal giant larvae 
(Lgl). This phosphorylation releases Lgl from its association with membrane and the 
active cytoskeleton and restricts Lgl activity at the apical NB cortex and Mira localization 
to the opposite, basal side of the cell (Betschinger, et al. 2003). 
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It is not surprising to find that DmPAR-6, the Drosophila homolog of C. elegans 
PAR-6 gene product, is also involved in NB asymmetric cell division and forms a 
functional apical complex with both Baz and DaPKC. DmPar-6 contains a CRIB motif 
that can bind to the activated forms of cdc42 and RacGTPase (Garcia et al., 1995) and a 
single PDZ domain. Like Baz, DmPar-6 localizes to adherens junction in epithelial cells, 
to the apical membrane stalk in delaminating NBs and as an apical crescent in mitotic 
NBs. The apical localization of DmPar-6 requires Baz. In baz mutant, DmPar-6 shows 
cytoplasmic localization in both epithelial cells and NBs. Loss of DmPar-6 also affects 
localization of Baz and basal proteins. This conserved Par3-Par-6-aPKC complex, 
together with another two complexes (one is crumbs-stardust-Discs lost, the other is 
Discs large-Lethal(2) giant larvae-Scribble) play important roles in polarity establishment 
of Drosophila epithelium and follicle cells and also in mammalian cell polarity 
establishment (Pinheiro et al., 2004; Djiane et al., 2005; Harris et al., 2004; Benton et al., 
2003; Harris et al., 2005; Tanentzapf et al., 2003; Hurd et al., 2003). 
 
1.4.5 Heterotrimeric G proteins and GDIs are involved in asymmetric cell division 
of Drosophila CNS 
In ‘classical’ textbook models of signaling by heterotrimeric G-proteins, the Gα 
subunit alternates between an inactive GDP-bound state, in which it is associated in a 
complex with the Gβγ subunits, and the active GTP-bound state, which allows it to 
interact with downstream signaling components. The free Gβγ subunits can also transmit 
signals by distinct signaling pathways. The activation of G-protein signaling in this 
‘classical’ model occurs by ligand binding of G-protein-coupled receptors, which acts as 
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GEFs and catalyzes the exchange of GDP for GTP on the Gα subunit and changes Gα 
into its active conformation and release Gβγ heterodimer. The Gβγ dimer couples Gα to 
the receptor and inhibits its release of GDP; thus Gβγ possesses a type of guanine 
nucleotide dissociation inhibitor (GDI) activity. Regulators of G protein signaling (RGS) 
accelerate the GTPase activity of Gα subunits and stimulate signal termination by 
promoting the reformation of the Gαβγ heterotrimer. 
In Drosophila NBs, this ‘classical’ mode of G-protein signaling has apparently 
been modified and works independently of G-protein-coupled receptors. First, isolated 
Drosophila NBs can divide asymmetrically in culture (Broadus and Doe, 1997). Second, 
asymmetric cell division is normal in mutants lacking the mesoderm that normally 
adjoins NBs on the basal side (Rhyu et al., 1994). Overexpression in NBs of wild-type 
Gαi, which can be bound either to GDP or to GTP, leads to equal-sized division of NBs, 
whereas overexpression of a constitutively GTP-bound form of Gαi causes no defects in 
NBs (Shaefer et al., 2001; Yu et al., 2003). The dissociation of the heterotrimeric G-
protein complex is triggered by binding of Pins to GDP-Gαi. 
Pins was identified as an interaction partner of Insc through preparative 
immunoprecipitation and yeast two-hybrid screen by using Insc functional domain (A2-
A3) (Schaefer et al., 2000; Yu et al., 2000). The Pins protein contains 7 tetratricopeptide 
(TPR) repeats at the N-terminal region and three GoLoco motifs at the C-terminal. TPR 
repeats are involved in protein-protein interaction, while GoLoco motifs are implicated in 
binding and regulating Gαi and Gαo proteins (Goebl and Yanagida, 1991; Siderovski et 
al., 1999). Indeed, Pins was also pulled out from the yeast two hybrid screen using 
Drosophila Gαi as bait (Parmentier et al., 2000). Pins is ubiquitously expressed in both 
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developing central nervous system progenitors (NBs) and epithelial cells. Pins does not 
asymmetrically localize in mitotic epithelial cells where it localizes to the lateral 
membrane, but colocalizes with Insc and Gαi to the apical cortex of dividing NBs. 
However, in delaminating NBs, high levels of Insc staining can be detected at the apical 
stalk with Gαi, albeit in the absence of Pins at the apical stalk. The Insc stalk localization 
remains unchanged in pins mutant embryo. It is proposed, together with the data from 
analysis of Baz function, that Baz recruits Insc to this stalk and the initial localization of 
Insc to the apical stalk may precede Pins apical localization (Yu et al., 2000). 
Although pins mutant does not affect the initial stalk localization of Insc, Insc 
apical localization cannot be maintained in pins mutant. Gαi is no longer apical, but 
cortically localized in pins mutant (Yu et al., 2003). Furthermore, Pins is cytoplasmic in 
Gαi mutant (Yu et al., 2003). Hence, Gαi and Pins apical localization is mutually 
dependent. In insc mutant, Pins apical localization is affected in early prophase and 
becomes normal after prophase and no equal-sized division is observed. However, in pins 
or Gαi mutant, around 15-20% of NBs produce a symmetric spindle and give rise to two 
equal-sized daughters (see 1.4.7 for detail). Domain dissection analysis of Pins reveals 
that the C-terminal half containing three GoLoco motifs is required for Pins targeting to 
the membrane, which is the prerequisite of Pins apical localization (Yu et al., 2002). The 
TPR1-TPR3 region is necessary but not sufficient for Pins apical localization. Neither 
single mutants of pins, Gαi or insc nor single mutants of any component of the Baz/aPKC 
complex show a loss of cell size asymmetry between the NB and the GMC with high 
penetrance. In an elegant study, it is discovered that both the Baz/Insc and the Pins/Gαi 
complexes need to be inactivated to produce equal-sized daughter cells (Cai et al., 2003). 
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Spindle asymmetry remains when only one of the complexes is inactivated, suggesting 
that two complexes operate redundantly in this process. Consistent with this model is the 
finding that the Baz/aPKC complex and the Pins/Gαi complex are independent of each 
other with respect to their subcellular localization in the apical NB cortex (Cai et al., 
2003; Izumi et al., 2004).  
Heterotrimeric G-proteins depend on a variety of regulators to cycle between the 
GTP-bound and the GDP-bound state. Among these regulators are guanine nucleotide 
exchange factors (GEFs) that catalyze the exchange of GDP for GTP, GTPase activating 
proteins (GAPs) that accelerate the hydrolysis of GTP bound to the Gα subunit, and 
guanine nucleotide dissociation inhibitors (GDIs) that keep the Gα subunit in the GDP-
bound state. One GDI that has already been discussed above is Pins. If the model stating 
that binding of Pins to GDP-Gαi is required for the release of the Gβγ subunits from Gαi 
were correct, then the pins loss-of-function phenotype should be very similar to the 
phenotype of mutants of Gβ or Gγ. However, this is not the case, raising the question of 
whether additional GDI proteins exist that may act redundantly with Pins. Indeed, 
Locomotion defects (loco) was found to be localized asymmetrically and to colocalize 
with Pins and Gαi at the apical side of the NB. Loco is a GDI that binds Gαi and 
functions together with Pins in regulating the levels of free Gβγ. The Loco/pins double 
mutant phenotype is characterized by equal-sized daughter cells (60%) and is similar to 
that of Gβ13F or Gγ1 (60% equal-sized division) (Yu et al., 2005). Thus, the current 
model argues that both Pins and Loco act upstream of Gβ13FGγ1, but that Gβ13FGγ1 
signaling is also necessary to maintain Pins/Gαi and Loco/Gαi complexes at the apical 
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side of the NBs. Therefore a feedback loop exists. How Gβ13FGγ1 signaling controls 
Pins/Gαi and Loco/Gαi localizations remains to be clarified. 
The Pins/Gαi and Loco/Gαi complexes are proposed to act by activating 
Gβ13FGγ1 signaling at the apical side of the NB. While this could still be true, 
comparison between Gβ13F mutants and the baz; pins double mutant indicates that the 
Gβ13FGγ1 dimer could be activated at the basal NB cortex during anaphase and 
telophase. Importantly, in baz; pins double mutant NBs, the spindle morphology 
resembles that of the more basal and smaller arm of the spindle in wild-type NBs. This 
would indicate that in the absence of both Pins and Baz, Gβ13FGγ1 signaling is enhanced. 
In accordance with this, Gβ13FGγ1 overexpresison also results in short spindles. 
An additional player, Ric8, which has been shown to behave as a guanine 
exchange factor (GEF) for Gαi in mammalian cells and GOA-1 in C. elegans (Afshar et 
al., 2004; Tall et al., 2003; Hess et al., 2004; Couwenbergs et al., 2004) was recently 
shown to be also required for cortical localization of Gαi and Gβ13F in Drosophila 
(Hampoelz et al., 2005; Wang et al., 2005; David et al., 2005).  Both the biochemical 
properties and the mutant phenotype of DmRic-8 indicate that Ric-8 is a GEF for Gαi. 
Finally, there should be a GAP that facilitates GTP hydrolysis on GTP-Gαi to regenerate 
the heterotrimeric GDP-Gαi-Gβγ complex. This GAP activity may be provided by the 
Loco protein which contains a regulator of G-protein signaling (RGS) domain and shows 
GAP activity towards GTP-Gαi (Yu et al., 2005). 
 
1.4.6. Apical-basal spindle orientation 
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Asymmetric localization of cell fate determinants in dividing cells is not the sole 
prerequisite for their asymmetric segregation into one daughter cell. It is also essential for 
the mitotic spindle to align with the cell polarity axis. A number of micromanipulation 
experiments have shown that the position and orientation of the cleavage furrow, which 
eventually separates the cell into two daughter cells, are determined by the location of the 
mitotic spindle (review by Strome, 1993). What cues direct the orientation of a mitotic 
spindle? Experiments in Saccharomyces cerevisiae and C. elegans present interesting 
comparisons in mechanisms of polarity establishment and spindle positioning. Cell 
division in S. cerevisiae occurs by formation of a daughter bud from the mother cells. 
Subsequent to the selection of the new bud site, the spindle pole bodies (yeast equivalents 
of centrosomes) become oriented such that one of them points into the newly forming 
bud. It has been determined that both microtubules and microfilaments are required for 
this process (Palmer et al., 1992). Thus, spindle orientation depends on bud site selection. 
The search and capture model has been proposed for the correct orientation of mitotic 
spindle in budding yeast (Kirschner et al., 1986), which is controlled by two redundant 
pathways. This model postulates that randomly assembled dynamic microtubules probe 
the cell cortex and are stabilized when they encounter localized cortical factors. 
The first pathway is mediated by the microtubule motor dynein and its regulator 
the dynactin complex. Cells lacking dynein or dynactin assemble a normal bipolar 
spindle and position it appropriately near the neck between the mother and daughter cell. 
However, they undergo a defective anaphase in which the spindle is not inserted properly 
across the neck and chromosomes are divided entirely with the mother, which thus leaves 
a temporarily empty bud. Remarkably, loss of dynein and/or dynactin is not lethal and 
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most cells lacking dynein and/or dynactin delay the cell cycle until the problem is fixed 
and consequently correctly segregate chromosomes into both mother and daughter cells. 
These results suggest existence of one redundant mechanism which can rescue defects 
caused by lacking dynein/dynactin function late in mitosis (Yeh et al., 1995; Schuyler 
and Pellman, 2001a; Segal and Bloom, 2001). The redundant pathway consists of kinesin 
motor Kip3p, the yeast formin bin1p, microtubule-associated protein Kar9p and 
microtubule-binding protein Bim1p. When any component of the second pathway is 
removed in the dynein/dynactin mutant background, the outcome is lethal. Importantly, 
several of the second pathway proteins, Kar9p for instance, are localized to the bud 
cortex and are functionally linked to actin, which is required for spindle positioning in 
budding yeast (Pruyne and Bretscher, 2000a,b; Huisman et al., 2005). Kar9p appears to 
be transported to the bud cortex along actin cables by the type V myosin Myo2p via its 
binding to Myo2p tail. Myo2p is required for Kar9p localization to the bud cortex. The 
fact that Kar9p localizes to the bud cortex and can bind simultaneously to both actin 
motor and microtubule-binding protein Bim1p raises one attractive model of how mitotic 
spindle is oriented in budding yeast: the search and capture and signal model (Schyler 
and Pellman, 2001b). As well as Kar9p, septins are also required for capture (Kusch et al., 
2002). How are oriented microtubules ultimately anchored in the cell cortex? One 
possibility is the formin protein family. In yeast, formins participate in Kar9-mediated 
microtubule capture by nucleating the assembly of actin cable (Evangelista et al., 2002; 
Sagot et al., 2002). Such cortical anchor proteins may also regulate the activity of 
captured microtubules in mammalian cells as well. Also there is a striking parallel 
between the behavior of Kar9 and that of the animal APC (adenomatous polyposis coli) 
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protein. It has been suggested that APC is the functional equivalent of Kar9 based on its 
binding to EB19, the mammalian Bim1, and on limited sequence homology. APC moves 
to the ends of microtubules in a kinesin-dependent manner and may participate in 
reorientation of the microtubule organizing center (Etienne-Manneville et al., 2003). 
Although the search and capture model is prevailing, several studies suggest that a 
cortical factor-previously thought to be positioned independently of microtubules-interact 
with a specific microtubule organizing center before migrating to the tips of the 
associated microtubules. The newly decorated microtubule ends, rather than randomly 
probing the cortex, are selected when myosin V binds to the cortical factor and the 
‘marches’ the microtubule ends along polarized actin cables toward the cortex 
(Liakopoulos et al., 2003; Hwang et al., 2003). 
The spindle orientation also has been intensively addressed during early C. 
elegans embryos. The first division of the C. elegans zygote is along the anterior-
posterior axis and is asymmetric. It produces an anterior cell, AB, and a posterior cell, P1, 
that differ in size and developmental fate. AB and P1 divide in different orientations. 
Thus, a dividing AB orientates its spindle transverse to the long axis, while P1 orientates 
its spindle along the long axis. Examination of how the P1 division differs from the AB 
division may help us to understand how spindle orientation may be regulated. When 
embryos are treated with actin microfilament inhibitors or microtubule inhibitors or when 
microtubules between the migrating centrosome and the anterior cortex are irradiated 
with a laser microbeam, rotation of the P1 centrosome is inhibited (Hyman et al., 1987; 
Hyman, 1989). Thus, this rotation is thought to occur through microtubules that connect 
one of the two centrosomes to a specialized cortical site at the anterior pole of the P1 cell, 
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pulling the centrosome and the spindle towards this site. Cytoplasmic dynein/dynactin 
complex is an evolutionarlly conserved unit controlling microtubule organizing center 
(MTOC) positioning and orientation of mitotic spindle (Skop and White, 1998; Gonczy 
et al., 1999b). Using RNA interference technique, removal of either dynein heavy chain 
gene (dhc-1) or dynactin components p50/dynamitin or P150Glued caused misorientation 
of mitotic spindle during C. elegans early development. Besides dynein and the dynactin 
complex, several other molecules are needed for the rotational event that orients the first 
mitotic spindle. In mutants of several of the par genes, the first rotation sometimes fails, 
suggesting that these polarity molecules are required to localize rotation activity (Cheng 
et al., 1995; Morton et al., 2002; Labbe et al., 2003; Labbe et al., 2004; Tsou et al., 
2003b). For example, in par-3 mutants, both dividing AB and P1 show anterior-posterior 
aligned mitotic spindle. However, in par-2 mutant embryos, P1 misorientates mitotic 
spindle transverse to the long axis as AB blastomere. These results suggest that anteriorly 
localized PAR-3 (presumably PAR-6 and PKC-3) might function to orientate mitotic 
spindle transverse to the long axis while posteriorly localized PAR-2 promotes spindle 
orientation along the long axis. One regulator of rotation appears to be a Gβ subunit of a 
heterotrimeric G protein: in Gβ mutants, rotation sometimes fails, but the localization and 
other activities of the PAR proteins are unaffected, suggesting that Gβ acts downstream 
of the PARs (Zwaal et al., 1996). Although mutant embryos in Gα subunit also show 
spindle orientation defects, elegant experiments done by analysis of Gα and Gβγ single or 
double mutants reveal that Gβγ is more directly involved in regulating mitotic spindle 
orientation while Gα functions through Gβγ to affect spindle orientation. Mutations in the 
let-99 gene result in a phenotype very similar to that of Gβ mutants, with loss of rotation 
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of the pronuclear/centrosomal complex (Rose et al., 1998a; Tsou et al., 2002). The LET-
99 protein contains a DEP (Dishevelled/EGL-10/Pleckstrin) domain, which is found in 
numerous regulators of G proteins (Kharrat et al., 1998). G protein signaling is regulated 
by RIC-8, GPR-1/2, RGS-7, LET-99 and LIN-5 to generate asymmetry for spindle 
positioning (Tsou et al., 2003; Srinivasan et al., 2003; Couwenbergs et al., 2004; Afshar 
et al., 2004; Gotta et al., 2003; Colombo et al., 2003; Hess et al., 2004). 
The issue of spindle orientation in Drosophila melanogaster CNS NBs is quite 
different from those in either yeast or nematode. The NBs delaminate from 
neuroepithelium and undergo asymmetric cell division. While during epidermal cell 
division, the mitotic spindle is orientated parallel to the embryo surface, resulting in 
symmetric division to equally segregate basally localized cell fate determinant Pros into 
two daughters. On the other hand, dividing NBs divide perpendicularly to embryo surface 
with apical-basal oriented spindle and asymmetrically segregate Pros into basal daughter 
cell. The simple switch between symmetric and asymmetric segregation is mediated by 
the orientation of mitotic spindle. Surprisingly, labeling mitotic spindles with GFP tag in 
vivo reveals that NBs spindles are initially formed in the same axis as epidermal cells at 
early mitosis, then undergo 90° rotation from prophase onwards and becomes 
perpendicular to embryo surface around metaphase stage (Kaltschmidt et al., 2000b). At 
the heart of the molecular machinery for spindle orientation is Insc (Kraut et al., 1996). 
Insc is required for correct spindle orientation in dividing NBs and might function to 
anchor apical spindle pool. This anchoring function seems to be conferred by all apical 
complex genes as mutations in these genes show similar spindle reorientation defects 
during NB divisions. However, attention should be paid to several points: (1) In insc 
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mutant, only small number (10%) of NBs show spindle orientation defects and the 
spindles in the remaining 90% NBs rotate normally, which suggests that there might be 
an alternative system also contributing to spindle orientation late in mitosis (Cai et al., 
2001). (2) The dispensability of centrosomes was observed as larval NBs without 
functional centrosomes and astral microtubules from asterless (asl) mutants still 
underwent asymmetric cell divisions. Although these asymmetric cell divisions showed 
some spindle orientation defects in the early mitotic stage, this defect is largely corrected 
in late mitosis (Giansanti et al., 2001b). (3) Although insc mutant NBs fail to form Pins 
crescents by the normal time (early prophase), crescents are present by metaphase (Cai et 
al., 2003). These Insc-independent crescents further differ from the wild-type in that they 
can be found at any position on the cortex rather than at the normal apical position. 
Recent studies by Siegrist and Doe show that in the absence of Insc, the spindle both 
induces and positions the Pins crescent (Siegrist and Doe, 2005). Three components are 
critical for this function: astral microtubules, Discs large and khc-73, a kinesin 3 family 
member similar to human GAKIN. Interfering with the function of any of these in insc 
mutants prevents formation of Pins crescent. Khc-73 localizes to astral microtubule plus 
ends, and Dlg/Khc-73 and Dlg/Pins co-immunoprecipitate, suggesting that microtubules 
induce Pins/Gαi cortical polarity through Dlg/Khc-73 interactions. The microtubule/Khc-
73/Dlg pathway acts in parallel to the well-characterized Insc/Par pathway, but each 
provides unique spatial and temporal information: the Insc/Par pathway initiates at 
prophase to coordinate NB cortical polarity with CNS polarity, whereas the 
microtubule/Khc-73/Dlg pathway functions at metaphase to coordinate NB cortical 
polarity with the mitotic spindle axis. 
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1.4.7. Unequal daughter cell sizes  
Asymmetric partitioning of cell fate determinants is employed to generate cell type 
diversity in a number of different organisms. However, asymmetric division does not 
necessarily result in unequal cell size. While asymmetrically segregated determinants can 
give cells a distinct developmental potential, cell size can correlate with how often a cell 
divides and thereby fulfill an important function during cell lineage determination. For 
example, the C. elegans zygote divides to give two differently sized daughter cells: AB is 
about 25% larger than P1 and most of the cells of the hatching larva, 389 of 558, are 
derived from the AB lineage (Sulston et al., 1983). During neurogenesis in Drosophila, 
neural precursor cells (NBs) divide asymmetrically. The newly born NB is approximately 
75% larger than its sister ganglion mother cell (GMC) and divides between 1 and 30 
times further (Bossing et al., 1996). In contrast, the GMC divides only once to give rise to 
two glia or neurons. Two mechanisms have been proposed for the generation of unequal-
sized daughter cells. In C.elegans, the size difference between AB and P1 is due to the 
asymmetric placement of a symmetric mitotic spindle towards the posterior end of P0. 
Laser ablation experiment showed that there is a difference between the pulling force 
acting on the anterior and posterior spindle poles. The pulling force acting on the 
posterior pole is stronger than the one on the anterior, resulting in the overall posterior 
displacement of the mitotic spindle. Spindle displacement is under the control of the par 
genes (Gotta and Ahringer, 2001a; Gotta and Ahringer, 2001b; Grill et al., 2001). In 
addition, Gα and Gβγ subunits of the heterotrimeric G proteins have been shown to 
control distinct aspects of the mitotic spindle behavior in C. elegans embryos. Gβγ is 
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required for spindle orientation in P0, while Gα is specifically involved in the asymmetric 
displacement of the mitotic spindle towards the posterior cortex. In goa-1/gpa-16 (RNAi) 
or gpr-1/2 (RNAi) embryos, spindle elongation is symmetric and the first division is equal 
(Colombo et al., 2003; Gotta and Ahringer, 2001; Gotta et al., 2003; Srinivasan et al., 
2003), due to a lack of forces pulling on spindle poles (Colombo et al., 2003). Since Gα 
subunit is cortically localized around the one-cell cortex and GPR-1/2 is posteriorly 
enriched, it is conceivable that Gα functions through GPR-1/2 to exert a stronger pulling 
force on the posterior spindle pole. 
This spindle displacement mechanism also applies to Drosophila larval NBs. 
During Drosophila larval NB asymmetric division, the newly synthesized centrosome in 
the GMC lies closely opposed to the cell cortex while the old centrosome in the NB is 
located away from the membrane. The different placement of the centrosomes generates 
a mitotic spindle displaced towards the GMC side of the cell and leads to the generation 
of a smaller GMC (Giansanti et al., 2001). A second mechanism responsible for the 
daughter cell size difference has been described for Drosophila embryonic NBs 
(Kaltschmidt et al., 2000). In these divisions both the mitotic spindle itself and its 
placement are symmetric until metaphase. The lengths of two spindle arms (the distance 
from each spindle pole to metaphase plate) are identical at metaphase. However, starting 
from anaphase, the apical microtubules elongate while basal microtubules shorten, giving 
rise to a longer apical spindle arm and a shorter basal spindle arm. As a result, an apically 
biased asymmetric spindle is generated. This spindle asymmetry results in the biased 
placement of the cleavage furrow and the generation of two daughter cells of different 
size. 
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This spindle asymmetry and displacement in dividing NBs is under the control of 
two parallel redundant pathways: Pins/Gαi/Loco and Insc/Baz/aPKC (Cai et al., 2003; Yu 
et al., 2003; Yu et al., 2005). In the absence of Insc/Baz/aPKC pathway, such as insc 
mutant and bazGLC, NBs contain asymmetric spindles and produce two daughters with 
distinct cell sizes. In the absence of Pins/Gαi pathway, symmetric spindle is seen in about 
15% NBs and two daughters with similar size are generated.  However, when both 
pathways are disrupted, almost all of NBs divide equally to generate two equal-sized 
daughters. 
In Gβ13F and Gγ1 mutant NBs, the mitotic spindle is symmetric and both 
centrosomes develop astral microtubules resembling those that are present only at the 
apical centrosome in wild-type NBs and equal-sized daughter cells are produced (60%) 
(Yu et al., 2003; Izumi et al., 2004; Fuse et al., 2003). The same phenotype has been 
described for double mutants of components of the Baz/aPKC complex and the Pins/Gαi 
complex (e.g. baz, pins double mutants) (Yu et al., 2003). The mutant phenotypes of 
Gβ13F and Gγ1 are stronger than the phenotype of Gαi mutants. Together these data led 
to a model in which Gβ13F and Gγ1 act upstream of both the Pins/Gαi and the Par 
complexes, as Gβ13F and Gγ1 regulate the localization of these complexes (Izumi et al., 
2004). Overexpression of Gαi leads to the formation of equal-sized daughter cells. This 
phenomenon could be caused by the titration of free Gβγ subunits by an excess of GDP-
Gαi (Shaefer et al., 2001; Yu et al., 2003). Consistent with this interpretation, 
overexpression of another Gα subunit, Gαo, causes a phenotype very similar to 
overexpression of Gαi, although complete loss-of-function of Gαo does not cause any 
defect in NBs asymmetric cell division (Schaefer et al., 2001). 
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1.5 Cell polarity and asymmetric cell division 
Polarity is a fundamental property of cells in living organisms that is required for 
embryonic development. Epithelial cells are highly polarized along the apical-basal axis 
and are subdivided into morphologically distinct apical and basal regions separated by 
cell junctions. In general, the main subdivisions of the epithelial cell plasma membrane 
are the apical domain, lateral domain and the basolateral domain. All of these three 
subdomains are required for the establishment and maintenance of epithelial polarity and 
integrity. Disruption of any of these domains will affect epithelial structure. 
The mechanisms that underlie the establishment and maintenance of epithelial 
polarity have been extensively studied in Drosophila. Several polarized protein 
complexes are required to organize apicobasal polarity in the epithelial cells of the 
Drosophila embryo (Muller, 2000; Ohno, 2001; Tepass et al., 2001; Knust and Bossinger, 
2002; Roh and Margolis, 2003): (1) The Crumbs (Crb), Stardust (Sdt), PALS-1 
Associated TJ protein (Patj), formerly known as Discs lost, (Tepass et al., 1990; Bhat et 
al., 1999; Bachmann et al., 2001; Hong et al., 2001; Pielage et al., 2003; Hurd et al., 2003) 
complex which is localized to the apical marginal membrane region. Genetic studies have 
shown that the Crb complex is indispensable for the establishment of epithelial 
apicobasal polarity and stabilization of the zonular adherens (ZA) (Knust et al., 1993; 
Grawe et al., 1996; Muller and Wieschaus, 1996; Tepass, 1996; Bachmann et al., 2001; 
Hong et al., 2001); (2) Baz, DmPar-6, DaPKC (PKCζ) complex which is also localized in 
the apical marginal region (Hutterer et al., 2004; Petronczki and Knoblich, 2001; Wodarz, 
2002). The later complex is critical for epithelial apicobasal polarity and also for polarity 
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of other cell types such as NB and oocytes in Drosophila and the C. elegans embryo (see 
Introduciton 1.3 ). (3) The third complex, formed by the PDZ proteins Dlg (Woods and 
Bryant, 1991) and Scribble (Bilder and Perrimon, 2000b) and the myosin type II binding 
protein Lgl (Mechler et al., 1985), is found at the basolateral domain of the cell 
membrane, basal to the ZA. Mutations in these components result in epithelial 
disorganization, and an expansion of apical determinants (Bilder et al., 2000a, b; 2003; 
Tanentzapf and Tepass, 2003). 
The three polarity complexes are evolutionarily conserved (for reviews see Ohno, 
2001; Roh and Margolis, 2003). Thus, in mammalian epithelial cells, the homologues of 
DaPKC, Baz and DmPar-6, namely aPKC, Par-3/atypical PKC isotype-specific 
interacting protein (ASIP), and Par-6, and the corresponding homologues of Crb, Sdt, and 
Patj, that is, Crb3, Pals1 (protein associated with lin seven 1), and Patj, respectively, form 
two complexes that are localized at the TJ and regulate the assembly of these junctions. 
The basolateral proteins Scrib, mDlg and mLgl also play important roles in epithelial cell 
polarity (Izumi et al., 1998; Suzuki et al., 2001;2002; Gao et al., 2002; Hirose et al., 2002; 
Lemmers et al., 2002; Roh et al., 2002,2003; Hurd et al., 2003; Straight et al., 2004). 
mPar6 has been shown to interact with Par3 (Lin et al., 2000; Joberty et al., 2000), 
Pals/Sdt (Hurd et al., 2003) and cdc42 (Lin et al., 2000; Joberty et al., 2000). Furthermore, 
interaction of Par-6 with activation at the leading edge of astrocytes polarizes their 
migration in response to integrin signaling (Etienne-Manneville et al., 2001). Par-6 also 
interacts with GSK3β to influence cell migration (Etienne-manneville et al., 2003). These 
data all support a central role for Par-6 in organizing cell polarity. 
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Although the expression domains of the different complexes are largely resolved, 
molecular interactions between proteins of distinct complexes exist. In Drosophila, the 
Baz and Crb complexes not only colocalize in the apicolateral region, but they interact 
physically by means of direct binding of DmPar-6 and Patj (Nam and Choi, 2003) and 
direct binding of DaPKC to both Crb and Patj (Sotillos et al., 2004; Djiane et al., 2005). 
Genetic screen results also suggest that the Crb and lgl pathways function competitively 
to define apical and basolateral surface (Tanentzapf et al., 2003). 
Drosophila NBs delaminate from a polarized epithelial layer in the ventral 
neuroectoderm and divide asymmetrically along the apical-basal axis to produce larger 
apical NBs and smaller basal ganglion mother cells. During delamination, NBs lose some 
polarity cues conferred by cell-cell contact such adherens junctions and round-up, but 
nevertheless, still maintain some polarity for asymmetric cell division. How do NBs 
retain polarity from the neuroepithelium? Which molecule(s) is (are) the key player(s) 
during this process? The detailed mechanism is not clear at this moment; however, more 
and more proteins have been identified to play important roles in NBs asymmetric cell 
divisions as well as in epithelial cell polarity. These proteins are proposed to connect 
epithelial cell polarity to NB apical-basal polarity. These proteins form two functional 
complexes. The first complex is composed of Baz, DaPKC, and DmPar-6. As discussed 
earlier in introduction 1.4.4, Baz is apically localized and binds Insc and is required for 
correct localization of Insc (Schober et al., 1999; Wodarz et al., 1999). Considering that 
Baz plays roles both in epithelial polarity and NBs division and the origin of NBs in the 
ectoderm, It has been suggested that Baz is an apical cue that is inherited from the 
epithelium, around which NB-specific proteins (such as Insc which does not express in 
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epithelium) polarize. Thus, apical localization of Baz could link epithelial polarity with 
NB polarity. Since NBs delaminate from epithelium and undergo asymmetric cell 
division, it is interesting to know whether epithelial cells can undergo asymmetric cell 
division like NBs when junctions are removed, surprisingly, when adherens junctions are 
disrupted by removing either E-APC or the Drosophila homolog of mammalian EB1 by 
RNA interference, epithelial cells divide asymmetrically to produce two unequally-sized 
daughter cells. Upon ectopic expression, Pon-GFP, is segregated into the smaller 
daughter cell, reminiscent of NBs division (Lu et al., 2001), suggesting that the adherens 
junction inhibits asymmetric division in the epithelial cells. However, disruption of 
Bazooka function does not promote asymmetric division of epithelial cells although Baz 
is required for the formation of adherens junction and the maintenance of epithelial 
polarity. 
A second complex consists of tumor-suppressors Lgl, Dlg and Scrib. In embryos 
lacking all lgl gene products, Mira is distributed throughout the NB cortex as well as in 
the cytoplasm (Ohshiro et al., 2000; Peng et al., 2000, Albertson and Doe, 2003). This 
phenotype is distinct from that seen in insc mutant embryos, in which Mira crescents are 
found but are randomly positioned. The absence of Mira crescent formation seen in lgl or 
dlg mutants is a phenotype one might expect from a complete loss of NB cortical polarity. 
Surprisingly, lgl mutant NBs maintain a great deal of polarity: Insc and other apical 
proteins are properly localized, and spindles are correctly oriented. The Lgl protein 
complex seems to act specifically to polarize Mira by a pathway that does not involve 
Insc. Because NBs maintain asymmetries first generated in the neuroectodermal 
epithelium, it was possible that the lgl and dlg mutant NB phenotypes resulted from 
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defects in epithelial polarity. But the data indicate that this is not the case, since NB-
specific expression of Lgl is sufficient to restore NB polarity to an lgl null mutant with 
mispolarized epithelia (Ohshiro et al., 2000). It is also interesting to note that, in lgl and 
dlg mutants, apical proteins such as Baz are mislocalized to basal domains of epithelia; 
however, Baz is properly localized in the apical domain of lgl and dlg NBs. These results 
argue for a surprising degree of independence of epithelial and NB polarization. 
How do Lgl and Dlg direct formation of Mira basal crescents? Both Lgl and Dlg 
are found to be present throughout the NB cortex, so they are unlikely to directly recruit 
Mira to the basal cortex (Ohshiro et al., 2000; Peng et al., 2000). Interestingly, Lgl binds 
to the non-muscle myosin II Zipper and restricts the protein to the apical cortex. Myosin 
II is activated by Rho kinase and regulates the basal localization of determinants by 
excluding the determinants from the apical cortex. During prophase and metaphase, 
myosin II prevents determinants from localizing apically. At anaphase and telophase, 
myosin II moves to the cleavage furrow and appears to “push” rather than carry 
determinants into the GMC. Therefore, the movement of myosin II to the contractile ring 
not only initiates cytokinesis but also completes the partitioning of cell fate determinants 
from the NB to its daughter cells (Strand et al., 1994; Barros et al., 2003). Lgl physically 
interacts with DmPar-6 and DaPKC and is phosphorylated at conserved PKC consensus 
sites by aPKC (Plant et al., 2003; Betschinger et al., 2003). Apically localized DmPar-6-
DaPKC activity results in phosphorylation of Lgl on the apical side of the cell, causing 
Lgl to dissociate from the cytoskeleton selectively at the apical cortex. Basally localized 
Lgl remains non-phosphorylated and therefore maintains an association with the cortical 
Chapter 1                                                                                                           Introduction 
 52
cytoskeleton, where it targets and/or retains anchors for cell fate determinants and their 
adaptor proteins. 
 
1.6 Cytoskeleton elements are involved in asymmetric cell division 
The cytoskeleton plays an essential role in cell division and cellular dynamics. 
During Drosophila oogenesis, the localizations of both anterior and posterior components 
are dependent on microtubules. The depolymerization of microtubules in the ococytes 
treated with drugs will affect their asymmetric localization severely. In contrast to the 
oocyte, asymmetric NB division requires actin microfilaments rather than microtubules. 
In asterless mutants which lack two centrosomes during mitosis, asymmetric localization 
of both apical and basal components remain intact, suggesting that the centrosomal 
microtubule is dispensible for asymmetric cell division of NBs (Giansanti et al., 2001). 
The disruption of the microtubule cytoskeleton by colcemid does not prevent Insc from 
localizing to the apical cortex at metaphase (Kraut et al., 1996) 
In embryos treated with the mild microfilament inhibitor cytochalasin D, the 
apical localization of Insc is disrupted although Numb and Pros are still asymmetrically 
localized but form crescent randomly. When treated with latrunculin A, embryos show 
severe defects in Insc, Numb and Pros localization (Knoblich et al., 1995; Broadus et al. 
1997). Latrunculin A treatment also leads to uniform distribution of Pon along the cortex 
and prevents the formation of Pon basal crescents (Lu et al. 1999). The dynamic 
localization of determinants and their dependence on an intact actin cytoskeleton suggest 
the involvement of a myosin motor. The Drosophila myosin VI Jaguar (Jar) was found to 
bind to Mira and be required for its basal localization (Petritsch et al. 2003). Since Mira 
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and Jar do not clearly colocalize in NBs, Jar transports Mira to the basal cortex but does 
not anchor Mira at the basal cortex. Hence the formation of a basal crescent might 
involve other myosin motors. Another myosin motor, myosinII was found to be required 
for basal crescent formation but by an unexpected mechanism, and was likely to be by 
apical exclusion rather than active transport (Barros et al. 2003). 
 
1.7 Cell cycle events are involved in asymmetric cell division 
During both CNS and PNS progenitor asymmetric cell division, asymmetric 
protein localization is achieved in a cell cycle dependent manner. In pebble mutants 
mitosis occurs without cytokinesis, giving rise to cells with two nuclei and four 
centrosomes. And Numb forms two individual crescents overlying two of the four 
centrosomes. Pros also shows a similar double crescents localization (Knoblich et al., 
1995). 
String, another cell cycle regulator, is required for entry into mitosis. In string 
mutants that arrest at the G2 phase of the cell cycle, Pon remains localized in the 
cytoplasm with some uniform cortical staining (Lu et al., 1999). Therefore, the cortical 
recruitment of Pon depends on entry into mitosis. Furthermore, Cdc2, a mitotic kinase 
required for mitotic entry, appears to be required for the maintenance of the asymmetric 
localization of apical complex protein (Tio et al., 2001). By attenuating Drosophila Cdc2 
function without blocking mitosis, metaphase NBs show defective localization of apical 
complex proteins and consequently the mislocalization of basal components. In contrast 
to Cdc2, Drosophila Aurora-a activity is required for asymmetric localization of Numb 
during PI division (Berdnik and Knoblich, 2002). 
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These findings indicate the involvement of cell cycle regulators in the control of 
neural progenitor asymmetric cell divisions. 
 
1.8 Asymmetric cell division in vertebrate neurogenesis 
Asymmetric cell division is not a process solely observed in invertebrate. 
Evidences have shown that asymmetric cell division also occurs in vertebrate 
development, especially during neurogenesis. During embryogenesis, the vertebrate 
central nervous system (CNS) develops rapidly from an apparently homogeneous 
population of proliferating cells in the neural tube, the CNS progenitor cells, into a 
diverse set of differentiated neuronal and glial cells in the adult brain and spinal cord 
(Schoenwolf and Smith, 1990; Jacobson, 1991). In the developing cerebral cortex, 
proliferating progenitor cells are mostly found in the ventricular zone (VZ), a 
pseudostratified neuroepithelium lining the lateral ventricles. During early neurogenesis, 
the progenitor pool increases exponentially by symmetric divisions generating two 
proliferating daughter cells (Rakic, 1995). Later progenitors can also divide 
asymmetrically into one daughter progenitor and one differentiating neuron (Chenn and 
McConnell, 1995; Noctor et al., 2004). Finally proliferation is terminated by symmetric 
divisions that generate two differentiating neurons (Miyata et al., 2001). Live imaging 
experiments in the vertebrate cortex have revealed a correlation between the orientation 
of progenitor division and their symmetric or asymmetric outcome (Chenn and 
McConnell, 1995; Haydar et al., 2003). A pioneering study using video-microscopy to 
follow cell divisions in the ventricular zone showed that cells dividing with their mitotic 
spindle aligned horizontally to the plane of the neuroepithelium (horizontal divisions) 
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tend to generate two daughters that seem to remain as progenitors. By contrast, cells that 
divide with their mitotic spindle aligned vertically to the plane of the neuroepithelium 
(vertical divisions) tend to generate a basal daughter cell and an apical daughter cell. 
In invertebrates such as Drosophila and C. elegans, asymmetric segregation of 
cell fate determining proteins and mRNAs to daughter cells makes an important 
contribution to cell diversification. One approach to learn more about vertebrate 
neurogenesis is to identify and analyze the function of vertebrate homologues to 
Drosophila genes controlling neural development. 
Several vertebrate homologues of Numb have been identified (Verdi et al., 1996; 
Wakamatsu et al., 1999; Zhong et al., 1996) and an obvious question is whether the role 
of Numb proteins is mechanistically conserved in vertebrates. While early work on m-
numb led to some confusing and even inconsistent indications as to the role for Numb 
proteins, more recent examinations have suggested that mechanisms similar to those 
operating in Drosophila likely apply to the vertebrate nervous system (Pedersen et al., 
2002; Shen et al., 2002). 
Several groups have postulated that vertebrate Numb homologs are essential for 
asymmetric divisions that generate a neuron and a daughter progenitor cell. There are 
contrasting views as to whether Numb homologs promote the progenitor or the neuronal 
daughter fate, largely due to apparent differences in the subcellular localization of Numb 
in dividing neural progenitors cells in different species. In mice, m-numb is localized to 
the apical cell membrane (Zhong et al., 1996; Cayouette et al., 2001). In contrast, chick 
Numb has been observed to localize basally in chick neuroepithelial cells (Wakamatsu et 
al., 1999; Silva et al., 2002). 
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Two groups generated m-numb mutant mice, but the reported neurogenesis 
defects are contradictory (Zhong et al., 2000; Zilian et al., 2001). One way to interpret 
these findings is that Numb function may be different at different stages of development. 
Therefore, an argument can be made that vertebrate Numb homologs can promote 
neuronal fates at least in some asymmetric divisions. Similar observations have been 
reported in other vertebrate model systems. During zebrafish retinal development, 
progenitors also undergo symmetric and asymmetric cell divisions to maintain cell 
population of progenitors and generate cell-fate specified post-mitotic neurons. Atypical 
protein kinase Cλ (PKCλ) is at least required for proper spindle orientation during retinal 
progenitors divisions (Horne-Badovinac et al., 2001). In Xenopus laevis immature 
oocytes, XAISP and XaPKC localize uniformly throughout the cell cortex, but upon 
maturation, both XAISP and XaPKC colocalize to the animal hemisphere of mature 
oocytes (Nakaya et al., 2000).  
Studies of Numb in vertebrates and invertebrates strongly suggest that asymmetric 
cell division plays a critical role in neurogenesis in both systems and represents an 
evolutionarily conserved mechanism. Understanding the mechanisms that control the 
orientation of the mitotic spindle during neurogenesis is the key issue. 
The parallels between Drosophila and vertebrate asymmetric cell divisions seem 
to extend to factors acting upstream and downstream of Numb: in dividing neural 
progenitor cells of the mouse brain that lack the Drosophila Lgl homolog, LGL1, Numb 
segregates into both daughter cells (Klezovitch et al., 2004) and consequently lgl1 mutant 
progenitors fail to differentiate. Thus, elements of the Drosophila Numb localization 
machinery seem to be conserved. Furthermore, vertebrate Numb can bind to Notch and 
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inhibit its activity (Wakamatsu et al., 1999; Berezovska et al., 1999; Sestan et al., 1999). 
Like loss of Numb and Numblike, Notch overexpression or ectopic Notch activation 
inhibits neuronal differentiation (Wakamatsu et al., 1999; Li et al., 2003;Lardelli et al., 
1996), suggesting that elements of the Numb downstream machinery are also conserved 
between Drosophila and vertebrates. 
Many of the proteins involved in invertebrate asymmetric cell divisions are 
conserved in mammals, the G-proteins, Pins, the Par-proteins, Lgl and Numb. Mouse 
homologue of Pins can fulfill all aspects of Pins function in Drosophila NB asymmetric 
cell divisions, suggesting a conservation of function between the fly and mammalian Pins 
homologues (Yu et al., 2003). Insc was only found in Drosophila and is required for 
spindle orientation in NBs asymmetric division until Kato et al. identified Human INSC 
gene using iterative BLAST searches in 2003 (Kato et al., 2003). Insc-related genes in the 
honeybee, pufferfish, chicken, mouse and rat were also defined. The mouse holomolog of 
Insc (mInsc) was also identified (Kato et al., 2003; Zigman et al., 2005). mInsc knock-
down ablates vertical mitotic spindle orientations in retinal progenitors and leads to 
defects in cell fate specification and proliferation (Zigman et al., 2005). How does mInsc 
orient mitotic spindles? In vertebrates, overexpression of heterotrimeric G proteins causes 
oscillations of the mitotic spindle (Du and Macara, 2004), suggesting that G protein 
activity-like in flies- regulates the attachment of astral microtubules to the cell cortex. By 
manipulating the balance of heterotrimeric Gαi3-βγ versus free Gβγ and by forcing free 
Gβγ heterodimers into an inactive complex with an inhibitor, it appears that when Gβγ 
heterodimers are free and thus able to interact with downstream effectors, as much as 
50% of the cleavage planes of neuroepithelial and radia-glial cells show a non-vertical 
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(i.e. horizontal) orientation. In contrast, when Gβγ subunits are in the heterotrimeric state 
or complexed to an inhibitor, 80-90% of the cleavage planes show a vertical orientation 
(Sanada et al., 2005). Gαi recruits a protein called LGN to the cell cortex, which in turn 
recruits the microtubule-binding protein NuMA (Du et al., 2004); Gβγ subunits may 
interact with microtubules (Sanada et al., 2005). Thus, in mammalian neuroepithelial and 
radia-glial cells, heterotrimeric G-protein subunits appear to be involved in directing the 
aster microtubules of the mitotic spindle to specific sites of the cell cortex. Consistent 
with this, Gβγ subunits form cortical domains (Sanada et al., 2005), and LGN is 
asymmetrically localized in mitotic neural progenitor cells (Fuja et al., 2004). When 
expressed as a GFP fusion protein, mInsc colocalizes with LGN and Par-3 in mitotic 
basal cells of developing mouse epidermis (Lechler and Fuchs, 2005). AGS-3, another 
mouse homolog of Pins, was found to be a regulator of Gβγ signaling and Gβγ subunits 
are required for proper mitotic-spindle orientation of neural progenitors in the developing 
neocortex (Sanada et al., 2005). 
Despite these similarities, however, there are characteristic differences. First, 
mammalian Numb is apically enriched in asymmetrically dividing progenitor cells, while 
in Drosophila the protein is segregated into the basal daughter cell. As apical localization 
of Par-proteins is conserved (Kosodo et al., 2004; Manabe et al., 2002), this would 
suggest a Par-3/6 independent, or at least different, mechanism for Numb localization in 
vertebrates. Second, the orientation of most precursor divisions in the mouse brain is not 
along the apical-basal axis so that Numb is not inherited by only one daughter cell. 
Because the number of apical-basal divisions, however, does not account for the amount 
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of neuronal differentiation, many parallel divisions must produce different daughter cells, 
indicating that Numb-independent mechanisms for cell fate determination do exist. 
The remarkable conservation of Numb and other proteins has suggested that 
asymmetric cell division is a fundamental process for the development of many different 
systems, not the least our own brains. The significance of asymmetric cell divisions has 
not been well established during vertebrate development; nevertheless increasing 
compelling data indicate that asymmetric cell divisions do contribute to vertebrate 
development. 
 
1.9 Unsolved questions 
 Although significant progresses have been made in understanding the mechanism 
of NB asymmetric cell division, many questions remain. 
1.9.1 How do NBs inherit apical-basal polarity from the epithelial cells? 
Baz/DaPKC/DmPar-6 is proposed to play an important role during this process; these 
proteins are cytosolic proteins that do not directly bind to cell membrane or  
transmembrane receptor. How these cytoplasmic proteins convert epithelial polarity into 
NB polarity is unclear at present. Identification of new member of this complex might 
shed light on the mechanism. 
1.9.2 Do NBs have a memory system for retaining polarity and spindle rotation for its 
subsequent divisions? NB rotates its mitotic spindle by 90˚ to align along the apical-basal 
axis to ensure that basally localized determinants are segregated into the basal GMC. 
How do NBs reorient their mitotic spindle? Although it is likely that the initial spindle 
orientation cue and polarity cue is inherited from the polarized ectoderm, it is not clear 
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how NBs repeatedly orient themselves along the same apical-basal axis from one division 
to the next. The apical complex is delocalized at telophase of the first round of NB 
division, however the delocalized complex can relocalize to the apical cortex when NB 
enters second and subsequent rounds of cell divisions. Is there an intrinsic cortical mark 
that persists from division to division, similar to budding yeast? Although spindle 
orientation is affected in all single asymmetry mutants and in double mutants (e.g. insc, 
pins double mutants), the defect is quite mild and NBs can eventually orientate their 
spindles roughly along the apical-basal axis and divide along the apical-basal axis. 
1.9.3 Insc is the first identified component of the apical complex that controls NBs 
asymmetric division. However, the proposed role of apical complex molecules like Insc 
in specifying CNS cell fate is based on studies involving a small number of identified 
early born neurons from a few well-characterized lineages. Does Insc play a role in all 
neural progenitors? 
1.9.4 How are the basal proteins targeted and anchored to the basal cortex? How does the 
apical complex influence the localization of proteins at the other side of the cell? In 
several mutants, including baz, insc, pon, lgl and dlg, there is a severe loss of basal 
determinant localization at metaphase. However, by late anaphase or telophase, many 
NBs show normal basal protein localization. This phenomenon is called ‘telophase 
rescue’ and implicates further mechanisms for basal crescent formation. In the absence of 
the snail family of Zinc-finger transcription factors, including Snail, Escargot and 
Worniu, telophase rescue does not occur. On the basis of these results, it was proposed 
that there are two distinct asymmetry-controlling mechanisms in NBs, both of which 
require snail-family gene function. One is an Insc-dependent mechanism that functions 
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throughout mitosis, and the other is an Insc-independent mechanism that acts during 
anaphase/telophase (Cai et al, 2001). What molecules are involved in Insc-independent 
pathway? 
1.9.5 Mutation analysis suggests that Gβγ acts upstream to regulate both Gαi/Pins and 
Baz/DaPKC/DmPar-6/Insc complexes through protein stabilization and localization in 
NBs. Considering that Pins binds to Gαi as a GDI and presumably activates the Gβγ by 
dissociating Gαi from Gβγ, how Gβγ could act upstream of Gαi/Pins is not yet clear. It is 
not known how Pins, Gαi and Gβ13F function in spindle asymmetry mechanism. 
1.9.6 NB cell size asymmetry depends on the presence of an apical cue that can either be 
provided by the PAR/aPKC complex including Insc or by the Pins/Gαi complex in a 
redundant fashion. Since none of the apical components localizes to the spindle, how 
does the apical cue control spindle asymmetry? One possibility is that microtubule-
binding proteins can interact with apical components, hence link the apical complex and 
microtubule. 
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All the chemicals and reagents were purchased from BDH laboratory supplies 
(UK) and Sigma Chemical Company (USA) unless otherwise stated. 
Restriction enzymes and DNA modifying enzymes were purchased from New England 
Biolabs (USA) and Roche. 
2.1 MOLECULAR WORKS 
2.1.1 Recombinant DNA methods 
General recombinant DNA methods were performed essentially as described by 
Sambrook, et al., (1989). Polymerase chain reaction (PCR) was carried out with Taq 
DNA polymerase from Roche. Restriction enzyme digests were performed by using 
appropriate buffers supplied by the manufacturers. Blunt ending of DNA fragments was 
carried out using Klenow DNA polymerase (large fragment). Dephosphorylation of DNA 
fragment was done using calf intestinal phophatase (CIP). T4 DNA ligase was used for 
ligation of DNA fragments. Double-stranded DNA sequencing was performed with 
automatic PCR-based Big-Dye sequencing method by IMCB DNA sequencing facility. 
2.1.2 Strains and growth conditions 
The E. coli strain DH5α (GIBCO BRL, USA) was used throughout the study for 
all cloning procedures. E. coli cells were either cultured in LB broth (1% bacto-tryptone, 
0.5% bacto-yeast extract, 1% NaCl, pH7.0) or maintained on LB agar plates (LB 
containing 1.5% bacto-agar) at 37˚C. When recombinant plasmid-containing cells were 
cultured, the media were supplemented with 100 μg/ml of ampicillin (Sigma). 
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2.1.3 Cloning strategy 
In most cases, when cDNA was obtained from PCR amplification, it was first 
cloned into cloning vector pBluescript (Stratagene, USA) (so called PCR cloning) before 
it was subcloned into other vectors such as expression vectors and transgenic vectors. The 
detailed PCR cloning procedures: 1) PCR product was separated on an appropriate 
agarose gel and was recovered from the agarose with Qiaquick gel extraction kit (from 
Qiagen, Germany) in 26 μl of elution buffer; 2) klenow and kinase treatment: 26 μl of 
recovered PCR product was mixed with 4.0 μl of 10X T4 PNK buffer, 4.0 μl of dNTPs 
(2.5 mM each), 4.0 μl of 10 mM ATP, 1 μl of T4 PNK (from Roche, 10U/μl), 1 μl of 
Klenow (from Roche, 10U/μl). The reaction mixture was incubated at 37˚C for 22 min; 3) 
600 μl QG buffer (from Qiaquick gel extraction kit) was added and the modified DNA 
fragments were recovered with the gel extraction kit, DNA fragments were eluted with 40 
μl of elution buffer; 4) vector preparation: pBluescript was digested with Sma I (10U/μl) 
and treated with the phosphatase (calf intestinal phosphatase – CIP, from Roche, 10U/μl) 
then recovered from solution using Qiaquick gel extraction kit; 5) ligation reaction: the 
mixture of 13 μl of modified PCR product, 3 μl of pKS (Sma I digested), 2 μl of ligation 
buffer, 1 μl of 10 mM ATP, 1 μl of T4 DNA ligase (from Roche, 1U/μl) was kept at 
room temperature from 1 hr to overnight; 6) transformation: take 3 μl of ligation mixture 
for electroporation transformation or 10 μl for heat-shock induced transformation. 
2.1.4 Transformation of E. coli 
2.1.4.1 Electroporation mediated transformation 
Competent E. coli cells were prepared with the following method. A single E. coli 
colony was inoculated into 10 ml of LB medium and allowed to grow overnight at 37ºC 
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with vigorous shake. 8 ml of the overnight culture were inoculated into 800 ml of LB 
medium and grow to OD600 of 0.5-0.8 at 37ºC. The culture was then transferred to 
prechilled flasks and incubated on ice for 15 minutes. Cells were harvested by 
centrifugation at 4ºC at 3000rpm and washed with ice-cold water at least three times 
before resuspension in 20 ml of ice-cold 10% glycerol (freshly made). Cells were 
harvested again and resuspended in 2 ml of ice-cold 10% glycerol. The suspension was 
then divided into aliquots of 50 μl and stored at –80ºC.  
For tranformation, DNA (3μl of ligation mixture) was added to 50μl of the 
competent cells and transferred into Bio-Rad gene pulser cuvett. After incubation on ice 
for 1 min, this cuvett was subjected to high-voltage electroporation using the Gene Pulser 
(Bio-Rad, USA) according to the manufacturer’s instructions (2.5kV). For ampicillin-
resistant transformation, cells after electroporation were spread directly onto LB plate 
with 100μg/ml ampicillin (For other antibiotics resistant transformation, cells were mixed 
with 1 ml of LB then incubated at 37ºC for 1 hr before being plated onto antibiotics 
containing LB plates (for chloramphenicol, stock solution is 34mg/ml in ethanol. The 
final concentration of chloramphenicol is 170 μg/ml)  
2.1.4.2Heat-shock induced transformation 
A single colony was inoculated into 3 ml LB, overnight at 37˚C. 0.5 ml of 
overnight culture was added to a 125 ml flask with 50 ml LB, culture to OD600 < 0.5 at 
37ºC). The cells were then harvested by centrifugation in 50ml falcon tubes at 4˚C at 
3,500rpm for 5 minutes. The cell pellet was then resuspended in 20 ml pre-chilled buffer 
A (10 mM MOPS, pH7.0; 10 mM RbCl) and centrifuged as before. The cell pellet was 
then gently resuspended in 20ml of pre-chilled buffer B (10 mM MOPS, pH6.5; 50 mM 
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CaCl2, 10 mM RbCl) by inverting the tube. The cells were chilled on ice for 15 min and 
centrifuged again at 3,500rpm to pellet bacteria, which were resuspended in 5ml (1/10 of 
culture volume) of pre-chilled buffer B containing 10% volume of Glycerol (buffer B + 
Glycerol to a final concentration of 10%). The bacterium suspension was then snap-
frozen in liquid nitrogen in aliquots of 200μl and stored at –80ºC. Each tube can be used 
to transform two DNA samples.  
For heat-induced transformation, the competent cells were thawed on ice, and 
10μl of the ligation mixture was added and the cells were kept on ice for 30-45 minutes. 
The cells were heat shocked at 42ºC for 60 seconds in a water bath, then chilled on ice for 
1 minute. The cells were recovered in 1ml of LB lacking antibiotic at 37 ºC for 1 hour. 
They were briefly spun and resuspended in 100μl of LB and spread on LB agar plates 
containing the appropriate antibiotic as described for electroporation transformation 
method.  
2.1.5 Plasmid DNA preparation 
2.1.5.1 Plasmid DNA minipreps (STET boiling method) 
In summary, 1.5 ml of overnight culture was pelleted by centrifugation (9000 rpm) 
for 1 min in Eppendorf tube. The pellet was resuspended in 350 μl of STET buffer (8% 
sucrose, 0.5% Triton X-100, 50 mM Tris-HCL pH8.0, 50 mM EDTA) containing 1 
mg/ml lysozyme. The mixture was then boiled for 3 min in 100oC heat-block and 
subjected to 10 min centrifugation (max speed). After removing the bacterial debris using 
toothpicks, 350 μl of isopropanol was added to the supernatant and the mixture was 
centrifuged for another 7 min to pellet plasmid DNA. The DNA pellet was dissolved in 
50 μl of TE (10 mM Tris-HCL, pH 8.0, 1 mM EDTA) with 0.1 μg/μl RNaseA.  
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Alternatively, plasmid minipreps of bacterial cultures (1- 3ml) were carried out 
using the QIAprep Miniprep kit from QIAGEN according to manufacturer’s instructions.  
This system is based on alkaline lysis.  DNA purity with this method is higher than that in 
STET boiling method, however, STET boiling method is more rapidly manipulated. 
Similarly, plasmid midi/maxi preps of bacterial cultures (500 ml) were performed 
with the Qiagen Plasmid Midi/Maxi Kit using Qiagen-tip 100/500 resin columns 
according to the manufacturer’s protocol. 
2.1.6 Enzymatic manipulation 
  The isolated plasmid DNA was subjected to restriction enzyme digestions then 
analyzed by eletrophoresis using a horizontal agarose gel containing 50 μg/ml of 
ethidium bromide in TBE (45 mM Tris-borate, 1 mM EDTA), with 1 kb DNA ladder 
(from New England Biolabs, USA) as molecular size standard. Digested DNA fragments 
for further subcloning were excised and extracted from Gel using QIAquick Gel 
extraction kit (from Qiagen, Germany) according to manufacturer’s instructions. 
2.1.7 PCR reaction 
For normal PCR cloning, the reaction mixture contained 1 μl of template DNA 
(50 ng), 1 μl of primer-1 (100 ng/μl), 1 μl of primer-2 (100 ng/μl), 10 μl of dNTPs (2.5 
mM each), 10 μl of PCR buffer, 76 μl of dd-H2O and 1 μl of Taq polymerase enzyme 
mix (from Roche, 3.5U/μl). The PCR reactions carried out with a thermocycler (Perkin 
Elmer) were 25 cycles of 94˚C for 30 sec, 60˚C for 30 sec; 72˚C for 1 min/ 1kb of DNA. 
2.1.8 pKS-ds-T7 vector modification for RNA interference experiments 
PBluescripte II KS vector from Stratagene was modified as below for double-T7 
promoter. The fragment between BssH II flanking T3 promoter and Kpn I site was 
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replaced by in-vitro synthesized and annealed oligos (oligo 1: 5’ GCGCGCGGCGCGC 
and oligo 2: 5’ CGC CCT ATA TGT AGT CGT ATT AGG 3’), while the fragment 
between T7 promoter flanked BssH II site and Sac I site was replaced by second in-vitro 
synthesized and annealed oligos (oligo 3: 5’ CGC GCC TAA TAC GAC TCA CTA TAG 
GGC G 3’ and oligo 4: 5’ AGC TCG CCC TAT AGT GAG TCG TAT TAG G 3’). This 
modification was done by Cai Yu, a lab member, and verified by DNA sequencing. 
2.2 FLY GENETICS 
2.2.1 Basic fly keeping 
Fly stocks are maintained according to Drosophila Laboratory Handbook 
( Michael Ashburner 1989) in either 25˚C or 22˚C fly room. 
2.2.2 Embryo fixing 
For normal antibody staining: embryos were collected, washed with PBT (PBS 
plus 0.1% Triton X-100) and bleached (1:1 dilution of the commercial bleach) for 3 min. 
After bleaching, embryos were fixed in fixative solution (4% paraformaldehyde, 0.1 mM 
Hepes, pH7.6) with equal volume of heptane for 12 min in a glass scintillation vial with 
shaking. The bottom layer of fixative was then removed and equal volume of Methanol 
was added. The vial was shaken vigorously for 1 min. The fixed embryos sunk to the 
bottom of the vial and were washed twice with ethanol before stored in –20˚C freezer. 
For microtubule staining: Quick fixing for tubulin staining: Embryos were 
collected and washed with PBS+0.1%Triton100. After the dechorionation with bleach for 
5 min, embryos were washed with PBS+0.1% Trition100 thoroughly and transferred to a 
small glass bottle with a screw-cap (glass scintillation vial) containing 5ml of heptane. 
2ml of undiluted formaldehyde (38%, straight from the original bottle) was added to the 
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glass bottle.  The bottle was shaken for exactly 1 minute. The bottle was left on the bench 
for a few seconds and pipette was used to completely remove formaldehyde (lower 
aqueous phase).  Any embryos that sank to the bottom should be removed with 
formaldehyde (majority of the embryos are floating between the two phases).  This step 
had to be done as quick as possible (within 20~30 seconds). 5ml of 100% methanol were 
added to the bottle and the bottle was shaken vigorously for about 1 min.  The bottle was 
left on bench for about 1 min.  The majority of the embryos sank to the bottom of the 
bottle.  The pipette was used to collect the fixed embryos and the embryos were washed 
with 100% ethanol two times. Now the embryos can be stored at -20˚C or used for 
antibody staining. 
2.2.3 Embryo antibody staining 
For single labeling: ethanol was removed and embryos were washed 3X with PBT 
(PBS + 0.1% Triton X-100) then blocked with 3% BSA in PBT for more than 30 min at 
room temperature (RT). After blocking, primary antibody was added with proper dilution 
for 2 hr at RT or overnight in the cold room. After removal of the primary antibody and 
3X washes with PBT, embryos were incubated with appropriate secondary antibody 
conjugated to a fluorophore for 2 hrs at RT on the spiral mixer. Before mounted with 
Vectashield mounting medium (from Jackson lab), embryos were treated with DNA 
staining chemical Topro-3 (from Molecular Probes, 1:5000 dilution) for chromosome 
visualization. The stained embryos were kept in –20˚C, up to one month. 
For double labeling: Follow the single labeling protocol until the first primary 
antibody was removed.  After 3X washes of the embryos with PBT, a second primary 
antibody in PBT with 3%BSA was added subsequently for another 2 hr at RT or 
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overnight at 40C. After incubation, the second primary antibody was removed and 
embryos were washed 3X with PBT. Two appropriate secondary antibodies conjugated to 
different fluorophores were added and incubated for 1.5 hr at RT. The rest steps followed 
single labeling procedure. 
2.2.4 Double-stranded RNA interference 
About 0.7 kb desired cDNA fragments (for baz, a 0.7kb PstI fragment spanning 
nucleotides 3618-4343 of baz cDNA was used; for Gαi, a 0.65 kb Pvu II fragment from 
Gαi EST clone (LD 18725) was used) of interested genes (bazooka and Gαi) were 
subcloned into pKS-ds-T7 vector for large-scale in-vitro RNA synthesis. The fragments 
flanked by two T7 site were released by Asc I enzyme and recovered from agarose gel by 
Qiaquick Gel extraction kit and redissolved in dd-H2O. In vitro RNA synthesis was 
carried out with Promega RiboMAXTM kit according to manufacturer instructions then 
dissolved in injection buffer (1mM Tris[pH7.5], 1mM EDTA). Double-stranded RNA 
injection was performed as described in (Fire et al., 1998 and Kennerdell and Carthew 
1998). In summary, embryos were collected over a 30 min period at 23ºC, dechorionated, 
and attached to a coverslip coated with a heptane extract of glue from Louis tape. 
Embryos were then desiccated and covered in suitable amount of halocarbon oil (from 
ELF ATOCHEM). Embryos were injected at the syncytial or an earlier stage. Injection 
location could be everywhere but frequently central part of embryo was chosen. The 
RNA solution was injected by a pneumatic picopump (Eppendorff) according to 
manufacturer’s instructions. Injected embryos were aged in a wet chamber to the desired 
stage (stage 9-11) then fixed for phenotypic analyses. Mock-injected embryos were 
treated identically to injected embryos except they were not injected. Control embryos 
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were injected with injection buffer. The efficiencies of RNAi experiments were evaluated 
by staining of injected embryos with corresponding antibodies. In these experiments, at 
least 60% of embryos were antigen-minus. 
2.2.5 Mobilization of EP element 
EP(2)2154 carrying a P-element derivative that contains mini-white gene inserted 
about 2.5 kb upstream of the third exon of Gαo at cytological position 47A. Inversed 
PCR (see below) and DNA sequencing had confirmed the P-insertion position before 
remobilization of P-element was carried out. In summary: EP(2)2154 was crossed with 
double balancer fly stock [Sp/Cyo;Δ2-3,sb/Tm6,Ubx] for male flies with 
EP(2)2154/Cyo;Δ2-3,sb/+ genotypes. These males then were out crossed to yw;Gla/Cyo 
females in single vial for males loosing EP-element but with second chromosome 
balancer Cyo. In total, 300 lines were set up for reversion. These males were crossed with 
yw;Gla/Cyo females again before sibling cross were set up. The remobilized lines were 
subjected to Southern blot using Gαo probe for imprecise mobilization (deletion) and 
probes were labeled with random primed DNA labeling kit from Roche according 
manufacturer’s instructions. 
2.2.6 Fly inversed PCR 
The inversed PCR experiment followed the protocol from Methods parts of 
BDGP database with modification. In summary, Fly genomic DNA was prepared with 
the phenol-chloroform method (see below). The genomic DNA was digested with Msp1 
or Sau3A in a volume of 25 μl (4μl of genomic DNA, 2.5 μl of Buffer, 2 μl of 10mg/ml 
RNase A, 14.5 μl of H2O, 2 μl of restricted enzyme) for 3 hrs at 370C before inactivation 
of enzyme with the treatment of 650C, 20 min. The digested genomic DNA was used 
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directly for ligation (10 μl of digestion mixture, 40 μl of ligation buffer, 10 μl of 100 mM 
ATP, 340 μl of dd H2O, 6 μl of T4 DNA ligase from Roche) at RT for overnight. After 
ligation, the DNA was precipitated with 2.5 volume of Ethanol and 1/10 volume of 3 M 
NaOAc.  The DNA was recovered after a 15 min centrifugation and dissolved in 120 μl 
of dd-H2O. 10 μl of ligation product were used for PCR amplification (10 μl of ligation 
product, 1.0 μl of 10 μM primer /each, 5.0 μl of 2 mM each dNTPs, 5.0 μl of buffer, 28.5 
μl of dd-H2O, 0.5 μl of enzyme) with 30 cycles (94˚C 30 sec; 60˚C 30 sec; 68˚C 2 min). 
PCR products were analyzed on agarose gels and the amplified DNA band was excised 
and sequenced with automatic PCR-based Big-Dye sequencing method at IMCB DNA 
sequencing facility. 
2.2.7 Fly genomic DNA extraction 
Approximately 30 flies were ground in an Eppendorf tube with 0.5 ml HB buffer 
(100mM Tris, pH7.5; 10mM EDTA, pH8.0; 350mM NaCl; 2% SDS; 7M Urea) and 
extracted twice with phenol:chloroform (1:1). The sample was then spun 5 min at the 
max speed. The supernatant was mixed with 2 volumes of 100% ethanol and re-spun for 
5 min at the max speed. The pellet was resuspended in 250μl dd-H2O and re-precipitated 
with 1/10 volume of 5M NaCl and 0.6 ml of ethanol.  The pellet was washed with 70 % 
ethanol, air-dried and dissolved in 60 μl of dd-H2O (2 μl/fly). For Southern blot, take 10 
μl of genomic DNA (equivalent to 5 flies’ DNA) digested with proper enzyme(s) in the 
buffer containing 4mM spermidine (final concentration) and 50 μg/ml of RNase A. For 
inversed PCR, 1-2 μl of genomic DNA was used. 
2.2.8 Genomic DNA Southern Blots  
2.2.8.1 Radioactive labeling of DNA probes 
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DNA probes were labeled with α32P dATP using the High Prime Labeling Kit 
from Roche, based on the extension of random hexamer primers. For each reaction, 25-
100 ng of DNA template in 8 µl TE or H2O was boiled for 10 min and quickly chilled on 
ice then mixed with 4 µl of the labeling mixture containing premixed hexamer primers 
and Klenow fragment, 3 µl of a pre-mixture of 3 non-radiolabelled nucleotides (dCTP, 
dGTP and dTTP) and 5 µl α32P dATP (from Amersham).  The reaction mixture was 
incubated at 37°C for 10-30 min. After the reaction, 2 µl of tRNA (10 µg/µl), 100 µl of 
2.5 M ammonium acetate and 300 µl of 100% ethanol were added to the reaction mixture 
and the sample was kept for 30 min at –80°C followed by a spin for 10 min at 14000 
rpm; The supernatant was discarded and the pellet was dissolved in 500 µl H2O.  The 
α32P dATP labeled probe was boiled for 10 min immediately prior to the hybridization 
reaction. 
2.2.8.2 Restriction enzyme digestion of genomic DNA 
10 µl of the genomic DNA (≅ 5 flies) in a total reaction volume of 50µl were 
digested for each lane for genomic Southern blots.  Spermidine and RNase A were added 
to the digestion reaction mixture to a final concentration of 40 mM and 0.5 mg/ml, 
respectively.  Concentrated restriction enzymes (eg. 100 U/µl) produced better results 
than low concentration enzymes.  Restriction digestions were carried out overnight or for 
at least 6 hours.  
2.2.8.3 Gel electrophoresis and Southern blotting of genomic DNA 
Digested genomic DNA samples were separated electrophoretically in 1% TBE 
agarose gel containing 0.5 µg/ml ethidium bromide at a voltage of 100-140 V.  The 
pictures of the finished gels were taken with a fluorescent ruler as the reference for the 
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physical dimension of the gels. The DNA in the gel was depurinated in 0.2 M HCl for 10 
min and subsequently rinsed several time in H2O, followed by the denaturation of the 
DNA for 45 min at RT in denaturation solution (0.5 M NaOH, 1.5 M NaCl) on slow-
rocking platform. The neutralization solution (1 M Tris HCl, 3 M NaCl, pH 7.4) was used 
to neutralize the DNA (twice, 15 min each). The capillary blots were set up in the 
following order from bottom to top: (1) 3x Whatman 3MM paper soaked in 20xSSCP (3 
M NaCl, 0.3 M Na3Citrate, 0.2 M NaH2PO4 (monobasic), 0.2 M Na2HPO4 (dibasic)); (2) 
agarose gel turned upside down; (3) Saran wrap for sealing the sides, (4) Hybond-N 
(Amersham) nylon membrane on the gel; (5) 3x Whatman paper; (6) paper towels and (7) 
weights.  The sufficient amount of 20X SSCP was added to the tank and the blots were 
left overnight. The membrane filters were dried in 65-80°C oven and the covalently 
crosslink of DNA to membrane was done by the exposure of the filter to UV-light with a 
UV Stratalinker by Stratagene.  
2.2.8.4 Southern Hybridization 
The nylon membrane filters (Amersham) with DNA immobilized were 
prehybridized at least 30 min at 65°C in Southern hybridisation buffer containing 
100µg/ml of sonicated and denatured salmon sperm DNA.  All subsequent hybridizations 
and washes were carried out in roller bottles in a Hybaid hybridisation oven at 65°C.  
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The radioactively labeled probe was denatured by boiling for 5 min in a water 
kettle.  The denatured probe was rapidly cooled on ice and added to the hybridization 
bottle containing the membrane and the Southern hybridization buffer (3x SSCP, 5x 
Denhardt’s reagent (50 x Denhardt’s reagent: 5 g Ficoll, 5 g Polyvinylpyrrolidone, 5 g 
BSA, add H2O to 500 ml), 9% Dextran sulphate, 0.5% SDS).  Hybridisation carried out 
overnight at 65°C. 
The hybridization solution containing the radioactive probe was stored in a 50 ml 
Falcon tube.  The membrane was rinsed quickly in cold wash buffer (0.1x SSCP, 0.1% 
SDS), then washed three times in wash buffer at 65°C for 20 min each. 
The filter was placed on a used film and wrapped in Saran wrap.  The X-ray film 
was exposed to the membrane overnight at –80°C. 
Bound probes could be stripped from membranes by pouring boiling stripping 
buffer (0.1% SDS, 0.1 M NaOH) over the membranes twice and the membranes could be 
re-probed with different probes. 
 
2.2.9 Single Fly PCR 
 A single fly was placed in a 0.5ml tube and mashed for 5-10 seconds with a 
pipette tip containing 50μl of buffer (10mM Tris-Cl pH8.2, 1mM EDTA, 25mM NaCl, 
and 200μg/ml Proteinase K, with the enzyme diluted fresh from a frozen stock) without 
expelling any liquid (sufficient liquid escapes from the tip). The remaining buffer was 
then expelled into the tube. This was then incubated at 37ºC for 20-30 minutes. This 
incubation was then followed by heating the tube to 95ºC for 10 minutes, which 
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inactivates the Proteinase K, 0.5μl of the DNA from a single fly was then used for one 
PCR reaction. 
2.2.10 Generation of Germline Clones 
Female germline clones for one lethal bazooka alleles (bazookaXi106) were 
generated using the FLP-DFS technique (Chou and Perrimon, 1992). The FLP-DFS 
technique combines the exchange of chromosome arms mediated by the yeast site 
specific recombinase flippase (FLP) with the dominant female sterility (DFS) mutation 
ovoD2 on the X–chromosome. 
2.2.11 Generation of Germline clones for double mutants 
 To generate Gβ13F and Pins double mutant, the following stocks were made: 
1) FRT9-2-Gβ13F/Fm7c-GFP; FRT82B-pinsP89/Tm3-GFP; 
2) FRT9-2-Ubi-GFP-nls-hs-Flp/Fm7c; FRT82B-Ubi-GFP-nls/Tm3 
FRT82B-pinsP89 was generated by recombination in this study and was crossed to the  
FRT9-2-Gβ13F background. FRT9-2-Ubi-GFP-nlshs-Flp was provided by Dr. Cai Yu 
and was crossed to the FRT-82B-Ubi-GFP-nls background, which was from 
Bloomington stock center. 
1) and 2)  were crossed and heat shocked twice at 2nd-3rd instar for 1.5 hours 
each time with 12 hours interval to get maximum recombinant clones. Then virgin 
females of genotype:FRT-Gβ13F/FRT9-2-Ubi-GFP-nls-hs-Flp; FRT82B-
pinsP89/FRT82B-Ubi-GFP-nls were collected and crossed with Fm7c-GFP/y;FRT82B-
pinsP89/TM3-GFP (from stock 1) to set cages and embryos were collected. 
 To generate Gβ13F and Gαi double mutant, the following stocks were made: 
3) FRT9-2-Gβ13F/Fm7c-GFP; FRT79D- Gαi P8/Tm3-GFP; 
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4) FRT9-2-Ubi-GFP-nls-hs-Flp/Fm7c; FRT79D-Ubi-GFP-nls/Tm3 
FRT79D- Gαi P8 was generated by recombination in this study and was crossed to the 
FRT9-2-Gβ13F background. FRT9-2-Ubi-GFP-nls-hs-Flp was provided by Dr. Cai Yu (a 
lab member) and was crossed to the FRT79D-Ubi-GFP-nls background, which was from 
Bloomington stock center. 
3) and 4)  were crossed and heat shocked twice at 2nd-3rd instar for 1.5 hours 
each time with 12 hours interval to get maximum recombinant clones. Then virgin 
females of genotype:FRT-Gβ13F/FRT9-2-Ubi-GFP-nls-hs-Flp; FRT79D- GαiP8 
/FRT79D-Ubi-GFP-nls were collected and crossed with Fm7c-GFP/y;FRT79D- Gαi 
P8/Tm3-GFP (from stock 3) to set cages and embryos were collected. 
 
2.2.12 Ectopic expression 
For flies bearing UAS-constructs, transgenes were expressed in neuroblasts (NBs) 
using the mata-gal4 driver V32 or sca-gal4 (scabrous-gal4) driver at 25ºC. For flies 
bearing pCasper-hs constructs, transgenes were induced by heat-shock for 15 min at 
35˚C, then recovered at 25˚C in wet-chamber for 1 hr before fixation. 
2.2.13 Antibodies used 
Antibodies used in studies were raised in this lab unless otherwise stated. 
Rabbit anti-Insc (1:1000), rabbit and rat anti-Pins (1:1000), rabbit anti-Baz (1:500; from a 
gift F. Matsuzaki), rabbit anti-Odd (1:1000, a gift from Jim Skeath), rabbit anti-Gαi  
(1:250;  a gift from J.A. Knoblich), rabbit anti-PKCξ C20 (1:1000; Santa Cruz 
Biotechnology, Inc.), rabbit anti-DmPar-6 (1:500, a gift from J.A. Knoblich), rabbit anti-
Gβ13F (1:250; a gift from J.A. Knoblich), rabbit anti-Mira (1:1000; a gift from F. 
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Matsuzaki), rabbit anti-Pon (1:500; a gift from Y.N.Jan), rabbit anti-Numb (1:500; a gift 
from Y.N.Jan), rabbit anti-γ tubulin (1:1000; a gfit from Y Zheng), rabbit anti-CNN 
(1:1000; from a gift T.C.Kaufman), anti-Pros MR1A (1:5, a gift from C.Q. Doe), mouse 
anti-β gal (Chemicon), rabbit anti-β gal ( 1:5000, MP BIOMEDICALS), rabbit anti-GFP 
(1:3000, Molecular Probes), anti-β tubulin E7 (1:5; from DSHB), anti-alpha Tubulin 
(DM1A, Sigma) and anti-Nrt BP106 (1:20; from DSHB) were used in these studies. Cy3- 
or fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were obtained 
from Jackson Laboratories. Stained embryos were either incubated with ToPro3 
(1:10000, Molecular Probes) for chromosome visualization and mounted in Vectashield 
(Vector Labs). 
2.2.14 Confocal analyses and image processing 
Stained embryos were subjected to laser scanning confocal microscopy (Bio-Ran 
MRC 1024 and Zeiss LSM510). For embryonic NBs analyses, stage 9-11 embryos were 
analyzed from lateral side for a nice view for dividing NBs. Images were processed with 
Adobe Photoshop. 
2.2.15 Fly stocks used 
 Canton-S CS) and yw were used as the wild-type (wt) strain throughout this 
study.  
 
Name Genotype and resource 
AJ96 Enhancer trap line, expresses β-Gal throughout the 
MP2 lineage, laboratory collection 
bazXi106FRT18D Null allele for bazooka gene, laboratory collection 
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nem22 EMS allele for inscuteable, laboratory collection 
inscp49 Remove both inscuteable and skittle genes, 
laboratory collection 
inscp72 Big deletion removing several genes including 
inscuteable, laboratory collection 
pinsp89 Delete N-terminus about 300 aa of pins, antigen-
minus allele, laboratory collection 
pinsp62 Delete most coding region of pins locus, antigen-
minus allele, laboratory collection 
pinsp89-AJ96 Recombinant from pinsp89 and AJ96, made in this 
study 
nem22;AJ96 Inscuteable mutant carrying AJ96, Made in this 
study 
Gβ13F Null allele for Gβ13F gene, from Dr. Juergen 
Knoblich 
Mata-gal4V32 Gal4 driver, induce overexpression from early 
stage and ubiquitously. 
Sca-gal4 Gal4 driver inserted into downstream of scabrous 
promoter region, laboratory collection 
UAS-Gαi Transgenic fly carrying UAS-Gαi construct for 
UAS/Gal system overexpression, laboratory 
collection 
UAS-Gαo Transgenic fly carrying UAS-Gαo construct for 
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UAS/Gal system overexpression, laboratory 
collection 
hs-cps wt fly carrying hs-cps constructs for heat-shock 
induced overexpression, laboratory collection 
Gαip8 Null allele of Gαi, laboratory collection 
Gαip29 Null allele of Gαi, laboratory collection 
Bkh007 An allele of Gαo, from M.Semeriva. 
GαoL3 An allele of Gαo, made in this study 
UAS-pins-C-Pon Transgenic fly carrying UAS-pins-C-Pon construct 
for UAS/Gal4 system overexpression, laboratory 
colleciton 
Mata-gal4V32;Gαip8 Gαi mutant carrying Mata-gal4V32 driver, made in 
this study 
Sca-Gal4; Gαip8 Gαi mutant carrying Sca-gal4 driver, made in this 
study 
Mata-gal4V32-nem22 Inscuteable mutant carrying Mata-gal4V32 driver, 
made in this study 
Sca-gal4-sna/esg/wor sna/esg/wor deficient mutant carrying Sca-gal4 
driver, made in this study 
FRT9-2-Gβ13F/Fm7c-
GFP;FRT82B-pinsp89/Tm3-GFP 
Gβ13F and pins double mutant, made in this study 
FRT9-2-Ubi-GFP-nls-hs-
Flp/Fm7c;FRT82B-Ubi-GFP-
FRT for generation of Gβ13F and pins double 
mutant, made in this study  









FRT for generation of Gβ13F and Gαo double 
mutant, made in this study  
UAS-Gαi-pinsp89 pins mutant carrying UAS-Gαi, made in this study 
UAS-Gαo;pinsp89 pins mutant carrying UAS-Gαi, made in this study 
Sca-gal4;pinsp89 pins mutant carrying Sca-gal4 driver, made in this 
study 
Mata-gal4V32;pinsp89 pins mutant carrying Mata-gal4V32 driver, made 
in this study 
nem22;UAS-Gαi Inscuteable mutant carrying UAS-Gαi, made in 
this study 
nem22-UAS-Gαo Inscuteable mutant carrying UAS-Gαo, made in 
this study 
UAS-Gαo;Gαip8 Gαi mutant carrying UAS-Gαo, made in this study 
Gαip8-UAS-pins-C-pon Gαi mutant carrying UAS-pin-C-Pon, made in this 
study 
UAS-Pon-GFP Transgenic fly carrying UAS-Pon-GFP for 
UAS/gal4 system, laboratory collection 
Mata-gal4V32-UAS-Pon-GFP Recombinant of Mata-gal4V32 and UAS-pon-
GFP, made in this study 
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UAS-Tau7-GFP Transgenic fly carrying UAS-Tau7-GFP for 




Gαi mutant carrying UAS-Pon-GFP and Mata-
gal4V32, made in this study 
Gαip8-UAS-Tau7-GFP Gαi mutant carrying UAS-Tau7-GFP, made in this 
study 
UAS-Gαi-UAS-Tau7-GFP Recombinant of UAS-Gαi and UAS-Tau7-GFP, 
made in this study 
 
2.2.16 Primers used 
Name Sequence 
Pwht1 ACG CTA ATC ACT CCG AAC AGG TCA CA 
Plac4 ACT GTG CGT TAG GTC CTG TTC ATT GTT 
Plac1 CAC CCA AGG CTC TGC TCC CAC AAT 
Pry4 CAA TCA TAT CGC TGT CTC ACT CA 
Pry1 CCT TAG CAT GTC CGT GGG GTT TGA AT 
Pry2 CTT GCC GAC GGG ACC ACC TTA TGT TAT T 
Plw3-1 TGT CGG CGT CAT CAA CTC C 
Sp1 ACA CAA CCT TTC CTC TCA ACA A 
Spep-1 GAC ACT CAG AAT ACT ATT C 
T7 AAT TAA CCC TCA CTA AAG GG 
T3 GTA ATC CGA CTC ACT ATA GGG C 
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PM001 CGT TAG AAC GCG GCT ACA AT 
Casper4-5’ TAA GTT CAA TGA TAT CCA GTG CAG 
Casper4-3’ AAG CTT GGG CTG CAG GTC GAC 
FRT1 AGG.AGT.GGC.AGC.ATA.TAG.AAC.AGC 
FRT2  GAG.CGA.AAG.GTG.GAT.GGG.TAG.G 3 
Goa-SB-A-5 ATT TAA ATG TCC GAA AAG AGA GAT ACT TAT 
Goa-SB-A-3 TTT CTT TCT GGG GGT TCC CGG TTT TGG TGT 
Goa-probeB-5 AAT TGC ATG GAA ATT CTG CTG GAA TCG 
Goa-probeB-3 GGT ATT CGT TGC TGC GCG AGA AGC ACT 
Goa-SB-BamHI-C-5 TAT TTA ACG AAT TGC GAA TCA TGT TAG 
Goa-SB-BamHI-C-3 GGC CAC GGA AAT TGA AAA ATC AAT TGC 
Goa-SB-BglII-D-5 AAG CCG GGG AGA TTC GCC AGG TCT TTT 
Goa-SB-BglII-D-3 AAG AAA GAA CAG AAT CGG AGA AAG CTT 
P89-V-PCR-5 CAC AAA ATA CCA TCC AAC GCA CGG 
P89-V-PCR-3 GGC ATT CCG TTG TTG AGT TAT CTA AAT C 
G8-V-PCR-5 GAT CCG CCA CAA CTG GTG GCC GC 
G8-V-PCR-3 CCG CAT CCT CGT CTT CCT GCC TTC 
 










Insc-independent asymmetric divisions in the Drosophila 
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3.1 Background 
 Neural progenitors of the Drosophila embryonic central nervous system (CNS) 
divide asymmetrically with their mitotic spindles aligned along the apical-basal axis and 
cell-fate determinants localized to the basal cell cortex. An apically localized protein 
complex that includes Insc (Kraut and Campos-Ortega, 1996; Kraut et al., 1996), Baz  
(Schober et al., 1999; Wodarz et al., 1999), Drosophila homologue of Par-6 (DmPar6) 
(Petronczki, et al., 2001), Drosophila homologue of atypical PKC (DaPKC) ( Wodarz et 
al., 1999; Wodarz, 2000), Partner of Insc (Pins) ( Yu et al., 2000; Schaefer et al., 2000; 
Chia et al., 2001; Chia and Yang, 2002), α subunit of heterotrimeric G protein (Gαi) (Yu 
et al., 2003) and Locomotive (Loco) (Yu et al., 2005) mediates these divisions. The cell 
fate determinants such as Prospero (Pros) and Numb, together with their respective 
adaptor proteins Miranda (Mira) and Partner of Numb (Pon), localize to the cortex of the 
NB in a cell-cycle dependent manner. In late G2 or early prophase, Mira/Pros are 
concentrated to the apical cortex transiently and by late prophase Mira/Pros are moved to 
the basal cortex.  Similarly, Pon and Numb are cortical in early prophase and colocalize 
with Mira/Pros basally by late prophase.  By telophase, all apical proteins remain in the 
large daughter cells and cell fate determinants such as Mira/Pros and Pon/Numb are 
exclusively segregated into the future GMCs.  The cell cycle-dependent localization of 
Mira/Pros and Pon/Numb requires apical complex function. Insc is the first identified 
component of the apical protein complex in Drosophila neural progenitors that controls 
their asymmetric division. Aspects of asymmetric divisions of all identified apicobasally 
oriented neural progenitors characterized to date, in both the central and peripheral 
nervous systems, require Insc. However, the proposed role of apical complex molecules 
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like Insc in specifying CNS cell fate is based on studies involving a small number of 
identified early born neurons from a few well-characterized lineages (Buescher et al., 
1998; Yu et al., 2000).  
 The “midline precursor 2” or MP2 lineage, as its name suggests, was originally 
thought to be midline precursor because of its proximity to the ventral midline and its 
simple lineage consisting of two cells. Studies, however, revealed that MP2 develops like 
neuroblast (NB) and the MP2 lineage is now one of the most well studied lineages in the 
central nervous system. In late stage 8 embryos, the MP2 precursor delaminates from a 
cluster of achaete-scute-expressing cells adjacent to the vetral midline. The progenitor 
produces two daughter cells, vMP2 and dMP2, which result from a single apical-basal 
oriented asymmetric division (Spana et al., 1995). Both siblings have distinct axonal 
morphologies and gene expression patterns. In mature embryos the vMP2 neuron lies 
anterior to the dMP2 neuron and has a single axon projecting anteriorly along the 
ipsilateral connective. In contrast, the dMP2 sends out a single axon into the ipsilateral 
connective where it bifurcates with one branch projecting anteriorly and the other branch 
turning into a posterior direction (Fig 3.1).
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 Fig 3.1. Numb protein is an asymmetrically localized determinant necessary and 
sufficient to cell-autonomously specify dMP2 neuronal identity. (A) In wild-type 
embryos, Numb (red) is asymmetrically localized to the dorsal side of MP2 during 
mitosis and is subsequently inherited by the dMP2 neuron. Odd (light blue) is detectable 
in MP2 and both sibling neurons after cytokinesis; it is maintained in the dMP2 neuron 
but repressed in the vMP2 neuron. vMP2 projects its axon anteriorly and dMP2 projects 
its axon posteriorly. (B) In numb mutant embryos, both Odd expression and anterior axon 
projections reveal a transformation of dMP2 into the vMP2 fate. (C) In hs-numb embryos, 
the heat shock is applied at or just after MP2 division. Thus numb localization in MP2 is 
unaffected, but both neurons receive the numb protein. Both Odd expression and the 
posterior axon projections reveal a transformation of vMP2 into the dMP2 fate.  
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The MP2 precursor shares a number of features with other CNS neural precursors. 
After delaminating from the neuroectoderm, both MP2 and NBs enlarge in size, express 
the snail and hunchback (hb) genes and localize the Numb protein to the basal cortex 
during mitosis (Hartenstein and Campos-Ortega, 1984; Rhyu et al., 1994). A number of 
features however set the MP2 precursor apart. Firstly, it undergoes a differentiative 
division, unlike NBs, which experience a stem-cell-like division. Secondly, MP2 divides 
1.5 hours after formation, in contrast to NBs that divide after 20min (Skeath and Doe, 
1996). Lastly, Pros protein is nuclear in the MP2 precursor and is distributed to both 
progeny equally upon division (Skeath and Doe, 1996). In NBs Pros is localized to the 
basal cell cortex and asymmetrically segregated to the GMC (Skeath and Doe, 1996). 
Mutations in the Notch receptor cause a transformation of vMP2 into dMP2 (Spana and 
Doe, 1996; Skeath and Doe, 1998). Loss-of-function mutations in the intrinsic cell fate 
determinant Numb cause the reverse transformation of dMP2 into vMP2 (Spana et al., 
1995). Numb apparently antagonizes Notch signaling by direct protein-protein 
interactions (Fig 3.1; Guo et al., 1996). Specification of vMP2 requires contact with cells 
outside the MP2 lineage (Spana and Doe, 1996). When the MP2 precursor develops in 
isolation in vitro, lacking any detectable contact to other cells in the culture, both neurons 
preferentiatlly differentiates as dMP2. In contrast, when the MP2 neurons develop fully 
surrounded by other cells, the normal vMP2 and dMP2 lineage is frequently observed. 
 One might expect mutations in Notch and insc to be similar with respect to 
terminal phenotypes of sibling neurons, if insc were to be responsible for the asymmetric 
localization and segregation of Numb.  Moreover, the asymmetric segregation of Numb is 
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thought to be strictly dependent on the apical complex, which coordinates the Numb 




3.2.1 MP2 asymmetric cell division is Insc independent 
We used an enhancer trap line AJ96 which expresses β-Gal strongly throughout 
the MP2 lineage (Menne and Klambt, 1994). The molecular marker, Odd-skipped (Odd) 
was used to identify the asymmetric MP2 fates. The odd gene encodes a nuclear Zn-
finger protein that is expressed in the MP2 precursor (hereafter referred to as MP2) and 
the newly born dMP2 and vMP2 neurons. Expression of Odd is extinguished in vMP2 at 
stage 11 but maintained in dMP2 through stage 13. Odd is also expressed in the midline 
lineage MP1. Therefore, in a wt (AJ96) embryos, two Odd-positive cells (one MP1 and 
one dMP2) and two β-Gal-positive cells (one vMP2 and one dMP2) are found in each 
hemisegment (Fig 3.2A, B, C). 
We double-stained insc embryos with anti-Odd and anti-β-Gal antibodies (Fig 3.2 
D,  E,  F). Since the insc allele was maintained with a second chromosome balancer 
containing a lac Z gene, homozygous insc mutant embryos were identified by the lack of 
β-Gal staining. In insc embryos we found an essentially wild-type staining pattern of two 
Odd-positive cells (one MP1 and one dMP2) and two β-Gal-positive (one vMP2 and one 
dMP2) cells per hemisegment (n=500). 




Fig 3.2. Confocal images of wt and mutant embryos (stage 14) in AJ96 anti-β-Gal 
(green) and anti-Odd (red), and superimposed images. In wt (A-C), insc (D-F) and pins 
(G-I) embryos, both vMP2 (arrowhead) and dMP2 (arrow) are β-Gal positive (green); 
anti-Odd also labels dMP2 (red) and MP1 (red arrow). In baz RNAi (J-L) embryos, the 
anti-β-Gal pattern remains unchanged but both progeny cells of MP2 are Odd positive 
(red), suggesting a vMP2>dMP2 cell-fate transformation. There are additional Odd-
positive cells, but these are AJ96 negative and are probably supernumery MP1s. one 
segment of embryos is shown in all panels. Anterior is towards the top. 
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As the MP2 asymmetric divisions are unaffected by insc loss of function, we 
asked whether Insc is expressed in the MP2 progenitor in wt embryos. We stained AJ96 
embryos with anti-Insc and anti-β-Gal, and detected apically localized crescents of Insc at 
mitosis (n=20; Fig 3.3 A). The mitotic MP2 precursor was identified by diffused 
cytoplasmic AJ96 β-Gal staining and DNA staining.  Numb (Uemura et al., 1989; Rhyu 
et al., 1994) and Partner of Numb (Pon) (Lu et al., 1998) are asymmetrically localized to 
the basal cortex of the MP2 precursor (Fig 3.3 D). 
In order to explain the lack of observed phenotypes in insc mutants, we next 
examined the localization of Pon/Numb in dividing MP2s of insc mutant embryos and 
found that Pon and Numb remain asymmetrically localized to the basal cortex of dividing 
insc mutant MP2s as in wt (n=19, Fig 3.3 D, H). Moreover, the spindle is oriented largely 
within 45˚ of the apical-basal axis, as in wt (33/37). These findings indicate that although 
Insc is expressed and asymmetrically localized in MP2, it is not required either for 
Pon/Numb asymmetric localization or for the resolution of distinct dMp2/vMP2 fates. 
There exists an Insc-independent mechanism controlling MP2 division. 
 
3.2.2 MP2 asymmetric cell division is Pins independent 
Two obvious candidate molecules that might be responsible for mediating the 
MP2 asymmetric division are Baz and Pins.  
Pins is expressed as apical crescents in the dividing MP2 in a manner similar to 
Insc (Fig 3.3 C). Is Pins involved in MP2 asymmetric cell division? To answer this 
question, we checked Pins localization in insc mutant and found that Pins apical 
localization is not affected in dividing MP2. Conversely, we found that Insc becomes 
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delocalized in dividing MP2 in embryos lacking both maternal and zygotic Pins (Fig 3.3 
M). However, in embryos lacking both maternal and zygotic Pins, only 5.7% of the 
hemisegments show dMP2 duplication (vMP2>dMP2 transformation; n=140) and most 
MP2s show the pattern of Odd as wt (Fig 3.2G, H, I). Furthermore, Pon is still basally 
localized in dividing MP2 in embryos lacking both maternal and zygotic Pins (Fig 3.3 P). 
Thus we conclude that similar to Insc, Pins appears not to be a major player either for 
Pon asymmetric localization or for the resolution of distinct dMP2/vMP2 fates.  
 
3.2.3 MP2 asymmetric cell division is Baz dependent 
 The data above have shown that both Insc and Pins are not involved in MP2 
asymmetric cell division. Then we asked whether Baz plays an important role in MP2 
asymmetric division. Similar to Insc and Pins, Baz is apically localized in the dividing 
MP2 (Fig 3.3 B). Assessing the role of Baz was problematic since loss of zygotic baz did 
not show any obvious phenotype and removal of both the maternal and zygotic Baz 
resulted in severe morphological defects of the embryos, which prevented scoring of 
dMP2 and vMP2 fates in stage 15 embryos. We circumvented these problems by 
performing RNAi (Kennerdell and Carthew, 1998) with baz double-stranded RNA on 
AJ96 embryos (see Fig 3.3 J) which yielded ~25% embryos with reduced Baz protein but 
without the severe morphological defects. In such embryos, vMP2 to dMP2 
transformations were observed in the great majority of hemisegements (95%; n=60), as 
demonstrated by the presence of two cells double positive for β-Gal and Odd (Fig 3.2J, K, 
L). Moreover, localization of Pon becomes cortical in dividing MP2 (95%; n=40). 
However, there did not appear to be a dramatic defect on the orientation of the cell 
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Fig 3.3 Localization of proteins asymmetrically localized in NBs in dividing MP2. 
Superimposed Confocal images showing Insc (red), Baz (red), Pins (red) and Pon (red) in 
dividing MP2 (green); DNA is blue. In wt embryos, Insc (A), Baz (B) and Pins (C) are 
localized to the apical cortex of MP2, while Pon forms a basal crescent (D). In insc 
embryos, although the signal intensity is weaker than wt, Baz (F) and Pins (G) apical 
localization is not affected. Localization of both Insc and Pins in metaphase MP2 of baz 
(RNAi) embryos remains apical (I and K). Asymmetric localization of Pon in MP2 is 
defective and becomes cortical in baz (RNAi) embryos (L). In pins embryos, Insc is 
cytoplasmic (M), as seen in other NB; Baz apical crescent is rather weak, sometimes 
undetectable (N). In insc and pins mutants, the basal localization of Pon is not affected (H 
and P). 
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 The complete lineage of MP2 consists of only two terminally differentiated 
neurons, making it one of the simplest lineages in the Drosophila CNS. MP2 is a typical 
NB in some ways: it delaminates from the epithelium and divides in an apico-basal 
fashion to give rise to the dMP2 and vMP2 neurons. Most NBs divide in a stem-cell-like 
mode. MP2 however is an exception; in a manner similar to ganglion mother cells 
(GMCs) (Rhyu et al., 1994; Uemum, et al., 1989), it undergoes a differentiative division. 
In both GMC and MP2 asymmetric cell divisions, intrinsic and extrinsic mechanisms act 
in concert to determine daughter cell fates, e.g. the Numb/Notch switch for binary sibling 
cell fate decisions (Buescher et al., 1998). Similar to the MP2 lineage, Numb antagonizes 
the Notch-mediated specification of pIIa cell fate in the SOP lineage (Guo, et al., 1996). 
Thus, in both MP2 and SOP lineages, asymmetric localization of Numb results in one 
sibling with functional Notch signaling (vMP2 and pIIa) and one sibling containing 
Numb, which blocks Notch signaling (dMP2 and pIIb). 
 Although apical complex members, like Baz, Insc and Pins, are expressed and 
apically localized in both MP2 and NBs, their behaviour appears to differ somewhat in 
the two cellular contexts. One of the underlying assumptions of asymmetric cell division 
in the central nervous system is that Insc is a key apical organizer that mediates and 
coordinates several aspects of the process, such as the asymmetric localization of protein 
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determinants, correct mitotic spindle orientation, asymmetric RNA localization and cell 
size specification. In insc mutants, all these aspects of asymmetric cell division have been 
reported to be defective (Kraut, et al., 1996). Our study however shows that the MP2 
lineage develops correctly in the absence of Insc. Localization of asymmetric molecules 
such Numb/Pon, Baz and Pins is completely normal in insc mutants, as is the spindle 
orientation. The terminal MP2 fate was wild type as well. All the findings are consistent 
with the idea of a functional redundancy in the system. Strikingly, Baz (Fig3.3 I), but not 
Insc (Fig 3.3 H) and Pins (Fig 3.3 P), seems to play a dominant role in mediating 
Pon/Numb basal localization in MP2. When Baz function is attenuated, Pon/Numb 
become cortically localized (Fig 3.3 L) even though Insc and Pins can remain apically 
localized (Fig 3.3 I, K). These observations indicate that the precise requirements for 
asymmetric protein localization differ between MP2s and NBs. 
 MP2 appears to be the only known A/B-oriented asymmetric division that does 
not require Insc. Although MP2 delaminates from the neuroectoderm and divides in an 
apico-basal fashion like NBs, there are unique features that set MP2 apart from other NBs. 
Unlike NBs that divide in a stem-cell-like mode, MP2 undergoes one differentiative 
division, making it more like a GMC or a pIIa division of SOP lineage. Insc is present in 
both GMC/pIIb. A/B-oriented asymmetric GMC divisions, like those of GMC4-2a, 
require Insc. While the first SOP division (the anterior-posterior pI>pIIa+pIIb) does not 
require Insc, recent work has shown that the spindle orientation of the strikingly GMC-
like A/B division of the pIIb cell is dependent on Insc (Roegiers et al., 2001b). Finally, 
unlike NBs, Pros shows nuclear localization in MP2 (Skeath and Doe, 1996). There is 
evidence supporting the view that Pros acts to terminate cell proliferation during 
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Drosophila neurogenesis (Li and Vaessin, 2000). It is plausible that both GMCs and the 
MP2 precursor use nuclear Pros as a cue to reduce their mitotic potential and undergo a 
single differentiative division. It has been shown that planar asymmetric divisions 
undertaken by pI in the peripheral nervous system (Bellaiche et al.,2001; Roegiers et al., 
2001a) and epithelial cells with disrupted adherens junction (Lu et al., 2001) both require 
Baz and not Insc.  
 NBs originate from polarized neuroepithelial cells. Both cell types express 
polarity-regulating molecules such as Baz and Pins. The division of both these cell types 
are however completely different from each other. Despite sharing similar polarity cues, 
epithelial cells divide symmetrically along the planar axis while NBs divide 
asymmetrically along the apical-basal axis. Lu et al. (2000) have shown that by 
disrupting the adherens junction (AJ), the symmetric division of epithelia can be 
converted into Baz-dependent asymmetric cell division (Fig 3.4). The adherens junction 
is a complex of cadherin-catenin and other associated proteins that is connected to the 
cytoskeleton and is important for maintaining the planar organization of the epithelial 
monolayer. According to Lu et al., neuroepithelial cells have the necessary machinery to 
execute Baz-mediated asymmetric division, but this pathway is normally overridden by 
the planar polarity cue provided by the AJ. When the planar polarity cue is lost (e.g. by 
mutations that disrupt the AJ), the apical-basal asymmetry cue predominates and 
determines the cell division pattern. 
 We would like to propose a model whereby MP2 may be an evolutionary 
intermediate between neuroepithelial cells and NBs (Fig 3.4). The delaminated MP2 
precursor and other NBs, are in fact, neuroepithelial cells that have lost their adherens 
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junctions. MP2 divides only once to give rise to two daughter cells and as shown by our 
study, this division is mainly mediated by Baz. Loss of Baz causes the MP2 division to 
become symmetric. Moreover, we have also shown that pins loss-of-function can give 
rise to symmetric fates in MP2 at a low frequency. Insc does not play a role in either MP2 
or epithelial division. Insc is not present in epithelial cells and hence has no role in the 
symmetric epithelial divisions. The situation in MP2 is different, as Insc is expressed in a 
manner identical to all other NBs. However, the asymmetry set up in MP2 is not 
dependent on Insc, but mainly on Baz. Thus, like epithelial cells that have lost their 
adherens junctions, MP2 also mainly relies upon Baz to mediate its asymmetric cell 
division. The Baz cue present in neuroepithelia and inherited by MP2 is sufficient to 
direct spindle positioning and asymmetric Numb localization. Since MP2 divides 
asymmetrically, it may use an additional cue in the form of Pins, which it also inherits 
from the neuroepithelia, to work co-operatively with Baz to set up apical-basal polarity.   
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 Figure 3.4: MP2 as an evolutionary intermediate between epithelia and NBs. (a) 
the planar polarity and spindle positioning of wild type epithelial cells is controlled by the 
adherens junction (AJ). Baz is localized apically in epithelial cells and provides an 
opposing apical-basal asymmetry cue. Competition between these two cues determines 
the partitioning of Numb. In wt, the planar polarity cue overrides the apical-basal cue and 
epithelial cells divide symmetrically with both daughters receiving Numb. (b) When the 
planar polarity cue is lost, the Baz-mediated apical-basal asymmetry cue predominates. 
Epithelial cells now undergo asymmetric divisions, characterized by unequal spindle 
positioning and segregation of Numb to the smaller, basal daughter. (c) the NB MP2 
delaminates from the neuroepithelium and divides asymmetrically. Unequal spindle 
positioning and Numb distribution is primarily mediated by Baz. MP2 division is thus 
very much like the division of epithelial cells that have lost their adherens junctions. We 
thus speculate that MP2 could be an evolutionary intermediate between epithelial cells 
and NBs. 

















Pins Function and G protein signaling on spindle asymmetry 
during Drosophila neuroblasts asymmetric cell division 
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4.1 Background 
In the Drosophila embryonic central nervous system (CNS), the neural stem cells, 
neuroblasts (NBs) divide asymmetrically, producing two daughter cells with distinct cell 
size.  The large apical daughter cell remains as the NB and will continue to divide 
asymmetrically.  The small basal cell is the ganglion mother cell (GMC) which divides 
terminally to produce two neurons/glial cells.  The daughter cell size difference is caused 
by basally shifted cleavage plane due to the asymmetric spindle generated late in mitosis 
when the apical half of the spindle preferably elongates.  The spindle asymmetry is 
controlled by two redundant pathways within the apical complex.  Bazooka (Baz) 
( Schober et al., 1999; Wodarz et al., 1999), Drosophila atypical protein kinase C 
(DaPKC) (Wodarz et al., 1999; Wodarz, 2000), Drosophila homolog of Par6 (DmPar6) 
( Petronczki et al., 2001) and Inscuteable (Insc) ( Kraut and Campos-Ortega, 1996; Kraut 
et al., 1996) form one pathway (Baz/Par6/DaPKC/Insc) and Partner of Insc (Pins) (Yu et 
al., 2000) and Gαi (Yu et al., 2003) form the other (Pins/Gαi) (Cai et al., 2003).  In 
addition a newly identified apical protein Locomotive (Loco) is also involved in this 
process (Yu et al., 2005).  In wildtype (wt) NBs, these two pathways generate coincident 
and overlapping unidirectional spindle elongation signals along the apical-basal axis and 
promote the extension of the proximal spindle arm late in mitosis.  When these two 
pathways are disrupted simultaneously by either removal of one component from each 
pathway or uniformly targeting Pins/Gαi to the cortex of mitotic NBs, the spindle 
becomes symmetric, resulting in similar-sized NB division. These two redundant 
pathways also function in SOP divisions in peripheral nervous system (PNS) (Cai et al., 
2003).   
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The heterotrimeric G protein signaling is also involved in spindle asymmetry 
formation (Schaefer et al., 2001; Fuse et al., 2003 and Yu et al., 2003).  One of the 
pathways that produces proposed spindle elongation signals contains the α subunit of the 
heterotrimeric G protein (Gαi).  Gαi binds directly to the GoLoco motifs at the c-
terminal of the Pins molecule (Siderovski et al., 1999).  The apical localization of both 
Pins and Gαi is mutually dependent.  In the absence of Gαi, Pins becomes cytoplasmic 
while in the absence of Pins, Gαi is cortical.  The mutations in pins and Gαi share similar 
phenotype of loss of spindle asymmetry in less than 20% of the dividing NBs (Cai et al., 
2003; Yu et al., 2003).  When Gαi is overexpressed, Pins and Gαi become evenly 
cortical in the mitotic NBs, resulting in symmetric spindles and similar-sized divisions.   
The heterotrimeric G protein Gβ13F and Gγ subunits also play roles in spindle 
asymmetry formation. In Gβ13F mutant, spindles remain largely symmetric in the 
majority of dividing NBs, causing similar-sized divisions.  In addition, when Baz is 
further removed from Gβ13F mutant the frequency of similar-sized division increases 
and almost all NBs produce similar-sized daughter cells, suggesting the residual 
Baz/Par6/DaPKC function in Gβ13F NBs.  Gγ acts as an adaptor bringing Gβ to the 
membrane, whose function could be partially replaced by a membrane targeting sequence 
from mira fused to Gβ ( Fuse et al., 2003; Yu et al., 2003).  Mutation analysis suggests 
that Gβγ acts upstream to regulate both Gαi/Pins and Baz/DaPKC/DmPar-6/Insc 
complexes through protein stabilization and localization in NB (Izumi et al., 2004). 
Considering that Pins binds to Gαi as a GDI and presumably activates the G proteins by 
dissociating Gαi from Gβγ, how Gβγ could act upstream of Gαi/Pins is not yet clear. It is 
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not known exactly how Pins, Gαi and Gβ13F function in spindle asymmetry controlling 
mechanism. 
To elucidate the relationship between Pins and trimeric G protein subunits in 
spindle asymmetry controlling mechanism, we designed experiments to identify the 
distinct functions of Pins, Gαi and Gβ13F.  We analyze the Pins and Gαi functions in 
Gβ13F NBs and demonstrate that cortical Pins is responsible for the similar-sized 
division phenotype.  We also take advantage of a chimeric protein of full length Pins 
tagged with the basal localization signal of Pon (Pins-C-Pon) to functionally dissect roles 
of Pins and Gαi.  Our data indicate that Pins interacts with downstream effecter proteins 
to generate the proposed spindle elongation signal while Gαi acts as a membrane adaptor 




4.2.1 Cortical Pins in Gβ13F mutants is directly responsible for the loss of spindle 
asymmetry  
In Gβ13F mutant embryos devoid of both maternal and zygotic Gβ13F (hence 
called Gβ13F), the majority of the dividing NBs contain symmetric spindle and produce 
two daughter cells with similar cell size (Fig 4.1 F).  Pins, although weak, is both 
uniformly cortical and cytoplasmic in Gβ13F NBs (Fig 4.1 C).  To investigate the 
possibility that Pins plays a role in similar-sized division in Gβ13F NBs, we examined 
the NB division in Gβ13F; pins double-mutant.  If Pins plays a critical role that 
eliminates spindle asymmetry and causes similar-sized division in Gβ13F NBs, removal 
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of Pins will alleviate the phenotype.  When maternal and zygotic pins (hence called pins) 
was removed from Gβ13F NBs, the majority of the NBs produced two daughter cells 
with distinct cell sizes (Fig 4.1 E) and the similar-sized division frequency dropped 
drastically to only 9% (n=54) of the dividing NBs, which was similar to that seen in pins 
single mutant (Cai et al., 2003).   Pins has two different forms in Gβ13F NBs, 
cytoplasmic and cortical. It has been shown that cytoplasmic Pins is not functional and 
the cortical Pins causes similar-sized divisions. We wanted to confirm if the cortical Pins 
in Gβ13F NBs was responsible for the similar-sized division phenotype.  Since Pins 
cortical localization requires Gαi and Gαi level was reportedly decreased in Gβ13F 
mutant, we reexamined  Gαi in Gβ13F and Gβ13F; pins NBs.  With anti-Gαi antibody 
we were able to detect weak cortical staining of Gαi in both Gβ13F (Fig 4.1 H) and 
Gβ13F; pins NBs (Fig 4.1I), indicating that Gαi, although at a low level, was present in 
Gβ13F NBs independent of Pins.  To investigate the possibility that cortical Pins was 
responsible for the loss of spindle asymmetry and the main cause for similar-sized 
division in Gβ13F NBs, we abolished cortical Pins in mitotic NBs by removing both 
maternal and zygotic Gαi (hence called Gαi) in Gβ13F NBs.  We predict that if 
uniformly cortical Pins is the key factor for the similar-sized division in Gβ13F NBs, the 
frequency of similar-sized division of Gβ13F; Gαi NBs should be reduced.   
We first generated Gβ13F; Gαi double-mutant embryos genetically and analyzed 
the phenotype of double-mutant NBs.  In Gβ13F; Gαi NBs, no cortical Pins was visible 
and Pins became cytoplasmic (Fig 4.1D).  We observed two daughter cells with distinct 
sizes (Fig 4.1 J) in the majority of NBs and a drastic decrease of the frequency of similar-
sized NB division in Gβ13F; Gαi to about 9% (n=65), which was similar to that of 
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Gβ13F; pins or pins alone.  We then repeated the same experiment with Gαi double-
strand RNA interference (RNAi) method in Gβ13F embryos.  In injected embryos, the 
frequency of similar-sized division in Gβ13F; Gαι(RNAi) NBs decreased to about 26% 
(n=19).  This slightly higher frequency could be due to the less efficient knockdown of 
the Gαi by the RNAi method. 
The rescue of Gβ13F similar-sized NB division phenotype by removal of Pins or 
Gαi demonstrates that Pins and Gαi are required for the symmetric spindle formation in 
Gβ13F NBs.  It appears that the cortical Pins is directly responsible for the similar-sized 
NB divisions in Gβ13F mutant.  This conclusion agrees well with earlier observation that 
in mitotic NBs uniformly cortical Pins usually disrupts the spindle asymmetry and results 
in NB similar-sized divisions.  However we can not exclude the possibility that Gαi also 
has direct functions in spindle asymmetry controlling mechanism.  




Figure 4.1 Cortical Pins in Gβ13F mutant is responsible for the similar-sized NB division 
phenotype.  NBs of stage 10 embryos were stained with anti-Mira (A, E, F, J; green; 
telophase), anti-Pins (B, C, D; red; metaphase) and anti-Gαi (G, H, I; red; metaphase).  
wt NBs divided asymmetrically and generated two daughter with distinct cell size (A).  
Mira (green) was segregated into the future GMC (A).  Gβ13F mutant NBs generated 
two similar-sized daughter cells in the majority of the population (F).  Pins (red), which 
was normally localized to the apical cortex in wild-type NBs (B), was uniformly cortical 
in Gβ13F mutants (C) and cytosolic in Gβ13/Gαi double mutant (D).  Similarly Gαi (red), 
which was normally localized to the apical cortex in wild-type NBs (G), was uniformly 
cortical in Gβ13F (H) and Gβ13F/pins mutants (I).  Removal of Pins (E) or Gαi (J) from 
Gβ13F mutant rescued Gβ13F similar-sized division phenotype (compare E and J with 
H). Apical is up and DNA is blue. 
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4.2.2 The ability of cortically localized Gαi or ectopic expressed Gαo to induce equal 
size divisions requires Pins  
It has been reported that wt NBs ectopically expressing Gαi undergo symmetric 
cell divisions to produce two equal-sized daughter cells (Schaefer et al., 2001). During 
these symmetric cell divisions, over-expressed exogenous Gαi can recruit Pins uniformly 
to the cell cortex (Fig 4.2 C). According to the two-pathway model, the function of both 
the Pins/Gαi and Insc/Baz/DaPKC pathways should be compromised under these 
circumstances. Indeed, antibody staining revealed that in dividing NBs, with cortically 
localized ectopic Gαi, both Baz and DaPKC localize uniformly to the cell cortex (Fig 
4.2A and B) and Insc takes on cytoplasmic localization (Fig 4.2 D). As a result, NBs 
divide with symmetric mitotic spindles and generate two equal-sized daughters (Fig 4.2 
C). These results indicate that when both Pins/Gαi and Insc/Baz/DaPKC pathways are 
uniformly localized, the symmetrically localized signals presumably function on both 
spindle arms to generate symmetric spindles during mitosis.  
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Overexpression of another Gα subunit, Gαo, causes a phenotype very similar to 
overexpression of Gαi, although complete loss-of-function of Gαo in NBs does not cause 
any defect in asymmetric cell division (Yu et al., 2003). Mutation of Gβ13F and Gγ1 
leads to essentially the same phenotype as overexpression of Gαi or Gαo, leading to the 
hypothesis that phenotype caused by overexpression of Gαi or Gαo is due to depletion of 
Gβ13F/Gγ1. If this is the case, overexpression of Gαi in pins mutants should lead to more 
depletion of Gβ13F/Gγ1, considering that Pins competes with Gβ13F/Gγ1 in binding to 
Gαi. It was reported that when Gαi or Gαo is overexpressed in pins mutant using sca-
Gal4 as driver, only 22% NBs divide equally (Cai et al., 2003). However, it was reported 
that when a strong driver (maternal-Gal4) was used to overexpress Gαi or Gαo in pins 
mutants, a higher percentage of equal-sized division was observed (Yu et al., 2003). 
Interestingly, in dividing pins mutants NBs, Gαi is evenly distributed to the cell cortex 
(Yu et al., 2003), but does not cause high frequencies of symmetric cell divisions, 
suggesting that Gαi might require Pins for its functions in terms of spindle asymmetry 
and displacement. Furthermore, Pins is also recruited to the cell cortex uniformly (Fig 
4.5A) in the NBs overexpressing Gαo. The ability of ectopically expressed Gαi or Gαo in 
wt NB to equalize daughter cell size might be conferred by the presence of cortical Pins. 
To investigate whether Pins is required for the equal-sized division in NBs 
overexpressing Gαi or Gαo, we over-expressed wt Gαi in pins mutant embryos. In these 
dividing NBs, Gαi (exogenous and endogenous) is cortically localized to the cell cortex 
(Fig 4.2 E and F), however, most NBs (80%, n=50) still divide asymmetrically to 
produce two unequal-sized daughter cells (Fig 4.2 H and L). There is only a slight 
increase of symmetric cell divisions over the frequency seen in pins single mutants (20%, 
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n=50; in overexpression of Gαi in pins mutants vs 15%, n=120 in pins single mutants). 
Overexpression of Gαo in pins mutants also produces unequal-sized division (Fig 4.2 L) 
although Gαo is cortically localized (Fig 4.2 I and J). In addition, when Gαi is over-
expressed in insc mutant, where the Insc/Baz/DaPKC pathway is disrupted, most NBs 
produce two equal-sized daughter cells and these divisions are characterized by a 
symmetric mitotic spindle. These results suggest that Pins is required for the phenotype 
caused by the over-expression of Gαi in wt NBs. Pins is essential for cortically localized 
Gαi to induce equal size divisions.  
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Figure 4.2 Pins is essential for cortically localized Gαi or Gαo to induce equal 
size divisions. In NBs overexpressing Gαi, Baz is cortical (A, metaphase,green); DaPKC 
is cortical (B, metaphase, green); Pins is uniformly cortical (C, telophase, green); Insc is 
cytosol and cortical (D, metaphase, red). When Gαi is overexpressed in pins mutants, 
although Gαi is cotical during metaphase (E, green) and telophase(F, green), NBs divide 
unequally (H) and Mira is basally localized (G, metaphase, red) and segregated into the 
small daughter cell (H, telophase, red). Similarly, when Gαo is overexpressed in pins 
mutants, although Gαo is cortically localized during metaphase (I, red) and telophase (J, 
red), NBs divide unequally with basal Mira during metaphase (K, red) and Mira is in the 
small daughter cell during telophase (L, red). Apical is up. DNA  is blue. 
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4.2.3 Overexpression of chimeric Pins-C-Pon in Gαi mutant embryos eliminate 
spindle asymmetry  
To dissect the possible distinct functions of Pins and Gαi in Pins/Gαi pathway, 
we circumvent the interdependence of Pins and Gαi for their functions by taking the 
advantage of a chimeric protein of full length Pins with Pon’s basal localization sequence 
tagged at its C-terminal region (Pins-C-Pon) (Cai et al., 2003).  It has been shown that the 
overexpressed full length Pins in wt NBs usually exhibits strong cytoplasmic staining, 
probably due to the limited availability of Gai (Fig 4.3 E).  On the contrary, the chimeric 
Pins-C-Pon protein is apically localized in majority of wt dividing NBs with sca-gal4 
driver although the protein contained Pon’s basal localization sequence, suggesting that 
in wt background, the Pon’s basal localization sequence is not very efficient to move the 
chimeric protein to the basal cortex (Cai et al., 2003).   
When we expressed the same chimeric protein under a stronger driver mata-gal4, 
the Pins-C-Pon was uniformly cortical in the wt NBs (Fig 4.3 A) as visualized with anti-
Pins antibody and the vast majority of NBs divided normally with distinct daughter cell 
size difference (90.5%, n=42; Fig 4.3 D). When Pins-C-Pon was overexpressed in Gαi 
mutant it remained uniformly cortical at metaphase in the majority of the NBs (Fig 4.3 C, 
88%, n=50), indicating that this cortical localization of Pins-C-Pon was Gαi-independent 
and the C-Pon sequence was able to bring the chimeric protein to the membrane cortex in 
the absence of Gαi.  Since the anti-Pins staining in this experiment did not show 
cytoplasmic signals, which would be the endogenous Pins in the absence of Gαi, it 
suggested that Pins-C-Pon was able to recruit endogenous Pins to form Pins/Pins-C-Pon 
and bring it to the cortex of the dividing Gαi NBs.   
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By telophase, the mitotic spindles in the majority (77%, n=86) of the Gαi NBs 
with ectopic Pins-C-Pon remained symmetric, resulting in two daughter cells with similar 
cell size (Fig 4.3 F).  Detailed analysis of Pins/Pins-C-Pon localization in telophase NBs 
indicated that there were two populations of NBs with different distributions of ectopic 
Pins-C-Pon which gave rise to similar-sized divisions.  The first population (62%, n=86) 
contained uniformly cortical Pins/Pins-C-Pon which disrupted spindle asymmetry (Fig 
4.3F).  The second population (15%, n=86) contained cortical Pins/Pins-C-Pon 
asymmetrically distributed to only one of the future daughter cells (Fig 4.3G).  We were 
puzzled at the beginning why asymmetric Pins/Pins-C-Pon eliminated spindle asymmetry 
in telophase NBs.  Double-labeling with anti-Pins and anti-DaPKC revealed that DaPKC 
was also asymmetrically localized opposite to Pins/Pins-C-Pon in these NBs (Fig 4.3H), 
which was reminiscent of pI cell asymmetric division in PNS (Bellaiche et al., 2001).  
The most favorable explanation for this observation is that in the absence of Gαi, 
asymmetrically localized Pins/Pins-C-Pon can generate spindle elongation signal which 
antagonizes the opposite elongation signal derived from DaPKC/Baz/Par6 pathway, 
resulting in a symmetric spindle as seen in pI cells (Cai et al., 2003).   
The chimeric protein overexpression data demonstrate that in the absence of Gαi, 
the cortical Pins/Pins-C-Pon is capable of exhibiting similar functions of the cortical 
Pins/Gαi, disrupting spindle asymmetry and causing similar-sized divisions.  More 
informatively, when Pins/Pins-C-Pon is asymmetrically localized in telophase NBs, 
probably due to Pon’s basal localization sequence, it can generate unidirectional spindle 
elongation signals as Pins/Gαi and antagonizes the opposite elongation signals from 
Baz/DmPar6/DaPKC as seen in pI cells.  Based on these observations we conclude that  
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 Figure 4.3 Ectopic expression of chimeric Pins-C-Pon mimics Pins/Gαi functions 
in Gαi mutant. When it was onverexpressed in wt NBs, Pins-C-Pon was cortical and 
asymmetric divisions was not affected in most NBs (A, metaphase; D, telophase). Unlike 
Pins, which was cytoplasmic in the absence of Gαi (B), overexpressed Pins-C-Pon was 
cortical in Gαi mutant (C). On the other hand, overexpression of Pins showed strong 
staining in the cytosol (E). In the absence of Gαi, overexpression of Pins-C-Pon caused 
similar-sized division in the majority of the NBs (F). Detailed analysis indicated that 
overexpressed Pins-C-Pon was either evenly cortical or asymmetrically localized. When 
Pins-C-Pon was cortical, DaPKC was punctuated and cytoplasmic (G, H, superimposed 
I). When Pins-C-Pon was asymmetrically localized, DaPKC was concentrated on the 
opposite side of the cortex (J, K, superimposed L). Pins is red, DaPKC is green and 
DNA is blue. Apical is up. White dots outline the cell boundary.
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the role of Gαi in spindle asymmetry formation mechanism can be replaced by the tag of 
the C-terminal of Pon.   
 
 
Figure 4.4 Overexpression of Pins-C-Pon in Gαi mutants can cause reversed NBs 
division. When Pins is basally localized during metaphase (A,B, green) and telophase (C, 
green), Apical centrosome is larger than basal one (A,B,C, red). The basal localized Pins 
alone can function fully to extend the basal spindle and cause reversed division (C). 
 
 
We also observed that some NBs divide with ‘reversed’ spindle in Gαi mutants 
overexpressing Pins-C-Pon (Fig 4.4). Anti-centrosomin staining showed that: (1) apical 
centrosome shows stronger staining signal than the basal one (Fig 4.4); (2) the basal 
spindle arm is longer than the apical spindle arm with basally localized Pins (Fig 4.4). 
These observations suggest that Pins can provide spindle elongation signal in the absence 
of Gαi and basally localized Pins does not affect NB polarity. 
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4.2.4 Gαi is dispensable for Pins function in the presence of ectopic Gαo  
In addition to Gαi, another Gα subunit Gαo, which has been shown to interact 
with Gβ13F/Gγ, has been detected in Drosophila NBs.  In wt embryos, Gαo is weakly 
expressed cortically in NBs (Fig 4.5D) and removal of Gαo does not cause any obvious  
defects in NB division (Schaefer et al., 2001 and Gαo mutant which we generated).  We 
reported previously that overexpressed Gαo in wt NBs was able to bring Pins to the 
cortex and mimicked Gb13F NB similar-sized division phenotype probably due to the 
depletion of free Gβγ (Yu et al 2003).  Considering our new data on Pins and Gαi 
functions in Gβ13F NBs and the behavior of Pins-C-Pon chimeric protein in Gαi mutant, 
we suspect that Pins may also play a similar role in similar-sized NB divisions induced 
by overexpressed Gαo.  To confirm our prediction, we compared the NB divisions in wt, 
Gαi and pins NBs in the presence of overexpressed Gαo.  When Gαo was overexpressed 
in wt and Gai NBs, Pins became uniformly cortical (Fig 4.5 A, B) and the majority of the 





 Figure 4.5 Gαi is dispensable for Pins function in the presence of overexpressed 
Gαo.  Ectopically expressed Gao brought Pins to the cortex of mitotic NBs in both wt (A, 
metaphase) and Gαi mutant (B, metaphase) and caused NBs to generate two daughters 
with similar size (wt, image not shown; Gαi, E, telophase).  When Gαo was 
overexpressed in pins NBs, it remained cortical (C) as the endogenous Gαo in wt NBs (D) 
but did not induce similar sized divisions (F, telophase).  Pins is red, Gαo is green and 
DNA is blue.  Apical is up.  
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 NBs (wt, 85%, n=90; Gai, 88%, n=50) showed similar-sized divisions (Gαi, Fig 4.5 E 
and image not shown).  We then looked at the NB divisions in pins NBs with 
overexpressed Gαo.  When Gαo was ectopically expressed in pins NBs, Gαo remained 
uniformly cortical (Fig 4.5 C), which was similar to the localization of endogenous Gao 
in wt NBs (Fig 4.5 D) but the signal was much stronger.  The spindle remained 
asymmetric in the majority of the pins NBs (Fig 4.5F) and the frequency of similar-sized 
NB division was only 16% (n=45), which is comparable to that of pins mutant alone.  
These results demonstrate that the similar-sized NB division phenotype induced by the 
overexpression of Gαo is also due to the uniformly cortical Pins in the dividing NBs.  
Gαi is dispensable for Pins function as long as Pins is brought to cortex.  Although 
overexpressed Gαo could deplete free Gβγ subunits, our data show that the depletion is 
unlikely to be the direct cause for the similar-sized divisions since the induced similar-
sized NB divisions is Pins-dependent.   
 
4.2.5 Pins/G-protein signaling is involved in cell fate determinant localization 
It has been reported that Mira is localized in the larger daughter cell in 
sna/esg/wor deficient embryos, although NBs divide asymmetrically to generate two 
unequal-sized daughter cells (Cai et al., 2001; Fig 4.6 K). The localization of Mira/Pros 
and Pon/Numb is under the control of the apical complex. For example, in insc mutant 
NBs, cell fate determinants are often delocalized (the crescent occupies more than 50% of 
the NB cortex, sometimes even becomes uniformly cortical or mislocalized (the crescent 
localizes to the lateral or basal-lateral side of the NB cortex) during prophase and 
metaphase. However starting from anaphase, the great majority of the mutant NBs 
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Figure 4.6  G-protein signaling is involved in cell fate determinant localization. When 
Gαi or Gαo is overexpressed, although apically localized Mira (5%, n=100) is observed 
during metaphase (A, F) and telophase (D,), Mira is basally localized during metaphase 
(B, E, F) and telophase (C, G) in most dividing NBs. However, when Gαi is 
overexpressed in insc mutant NBs, NBs divide equally (J, 95%, n=60), Mira is cortically 
localized during metaphase (I) and telophase (J) in most dividing NBs (100%, n=60). 
Mira is apically localized and segregated into larger daughter cell in snail/esg/wor 
deficient embryos (K). When Gαi is overexpressed in snail/esg/wor deficient embryos, 
Mira becomes cortically localized (L). Apical is up, Mira is red, DNA is blue. 
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redistribute the cell fate determinants Mira/Pros and Pon/Numb as cortical crescents 
overlying one of the spindle pole in the region where the future GMC “buds off”.  This 
apical protein-independent self-correcting phenomenon was observed in baz and insc 
mutant embryos (Schober et al., 1999; Wodarz et al., 1999; Peng et al., 2000) and has 
been referred to as “telophase rescue” (Peng et al., 2000). It was reported that Insc-
dependent mechanism and Insc-independent mechanism control the cell fate determinants 
localization (Cai et al., 2001). When Insc is absent, Insc-independent mechanism can 
redistribute cell fate determinants into the smaller daughter cell. When both mechanisms 
are abolished in sna/esg/wor deficient embryos, Mira remains in the larger daughter cell.  
It is interesting to note that ectopic expression of Insc in sna/esg/wor deficient embryos 
rescues Mira localization in NBs. Does Pins belong to the Insc-independent mechanism? 
Pins is still apically localized in sna/esg/wor deficient embryos (Cai et al., 2001). 
Furthermore, Mira is segregated into the basal daughter cell in insc; pins double mutants 
although almost all of NBs divide symmetrically to generate two equal-sized daughter 
cells (Cai et al., 2003), suggesting that Pins does not belong to the Insc-independent 
mechanism. When Gαi or Gαo is overexpressed in wt NBs, Mira crescent is usually 
basally localized during metaphase (Fig 4.6 B, E, F) and bisected into two daughter cells 
(Fig 4.6 C, G), although sometime apically localized Mira is observed in some metaphase 
and telophase NBs (Fig 4.6 A, D, F). Since Insc/Baz/DmPar6/DapKC pathway is 
disrupted in embryos overexpressing Gαi or Gαo, why is Mira still basally localized in 
most dividing NBs? The cytosol Insc might be still functional in redistribution of Mira. 
When we overexpressed Gαi or Gαo in insc mutants, most NBs divide with uniformly 
and cortically localized Mira in addition to equal-sized division (Fig 4.6 J) and “telophase 
Chapter 4                                Pins function and G protein on spindle asymmetry of NBs 
 120
rescue” does not occur, suggesting that Insc-independent mechanism is also disrupted in 
insc mutant embryos overexpressing Gαi or Gαo and G protein pathway is involved in 




We proposed earlier that Gβ13F functions upstream of both pathways controlling 
spindle asymmetry and similar-sized division phenotype was due to the failure of both 
pathways in the absence of Gβ13F (Yu et al., 2003).  In this chapter, we provide further 
evidence that Pins and Gαi are required for similar-sized divisions in Gβ13F NBs.   In 
addition to its cytoplasmic staining, Pins is also cortical, as is Gαi, in Gβ13F NBs.  When 
both cortical and cytoplasmic Pins were removed in pins/Gβ13F double mutant NBs, Gαi 
remained cortical but similar-sized division phenotype was rescued.  Similarly, when the 
cortical Pins was removed in Gαi/Gβ13F double mutant NBs, similar-sized division 
phenotype was also rescued.  Based on these observations, we conclude that uniformly 
cortical Pins is likely the direct cause for the similar-sized NB divisions observed in 
Gβ13F mutant.   
The chimeric Pins-C-Pon has been studied in wt NBs (Cai et al., 2003) and did 
not show a significant effect on spindle geometry (Cai et al., 2003).  In contrast, 
overexpression of Pins-C-Pon in Gαi NBs effectively eliminated spindle asymmetry in 
most of the NBs.  Our explanation is that in wt NBs, both spindle asymmetry controlling 
pathways are intact and in Gαi NBs only Baz/par6/DaPKC/Insc is functional.  It is much 
easier for cortical Pins-C-Pon to disrupt the remaining pathway and eliminate the spindle 
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asymmetry.  Pins-C-Pon obviously can recruit endogenous Pins to the cortex as judged 
from anti-Pins staining.  It is not clear if the recruitment of endogenous Pins is critical for 
Pins-C-Pon functions.  We are not sure how Pins/Pins-C-Pon work. It is possible that 
Pins-C-Pon alone is able to interact with downstream proteins but it also could be true 
that Pins-C-Pon serves as the membrane adaptor and bring the endogenous Pins to the 
cortex.  As long as Pins or Pins-C-Pon is cortical, it is functional.  In the absence of Gαi, 
this Pins/Pins-C-Pon complex behaves exactly like Pins/Gαi in mitotic NBs; it destroys 
spindle asymmetry when it is cortical and generates opposite spindle elongation signals to 
antagonize that of Baz/Par6/DaPKC when it is asymmetrically localized as seen in the pI 
cell division.  Two conclusions can be drawn from these observations.  First, Pins is most 
likely the molecule interacting with downstream proteins involved in the spindle 
asymmetry controlling mechanism.  Second, Gαi may only act as a membrane adaptor 
for Pins in Pins/Gαi pathway since it is dispensable.   
The Gαo overexpression data further support our conclusion that Gαi may only 
act as the membrane adaptor in Pins/Gαi pathway.  In wt NBs, Gαi and Gαo do not show 
any redundant functions.  The endogenous Gαo does not compensate Gαi function when 
Gαi is removed.  When it is overexpressed in Gαi NBs, Gαo can recruit Pins to the 
cortex and Pins function is retained, suggesting that ectopic Gαo can replace Gαi as the 
membrane adaptor.   
During NBs asymmetric cell divisions, the apical complex controls the basal 
localization of cell fate determinants, such as the Mira/Pros and Pon/Numb, and the 
apical-basal orientation of the mitotic spindle. Single mutants in any apical complex gene 
cause defective localization of the cell fate determinants and incorrect spindle orientation. 
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The defective localization of basal cell fate determinants is severe only during the early 
mitotic stage, up to metaphase. Late in mitosis, starting from anaphase, 
delocalized/mislocalized basal proteins can be redistributed to and enriched at the basal 
cell cortex from where future GMCs are formed and eventually are preferentially 
segregated into basal GMCs. This phenomenon of “telophase rescue’ occurs in single 
mutants affecting all known apical complex genes, however, in sna/esg/wor deficient 
mutant embryos, ‘telophase rescue’ is abolished with the basal cell fate determinants 
preferentially retained in the bigger daughter cell after divisions. Two mechanisms are 
required for cell fate determinants localization: Insc-dependent and Insc-independent. 
When Insc is absent, Insc-independent mechanism can redistribute cell fate determinants 
into the smaller daughter cell. Both mechanisms are abolished in sna/esg/wor deficient 
embryos, therefore ‘telophase rescue’ does not occur in sna/esg/wor deficient. However, 
ectopic expression of Insc in sna/esg/wor deficient restores Mira localization, indicating 
that Insc-dependent pathway is dominant (Cai et al., 2001). The mechanisms responsible 
for ‘telophase rescue’ seem to be different from the responsible for daughter cell sizes 
since basal proteins such as Mira and Pon are still preferentially segregated into one of 
the two equal-sized daughters in insc; pins double mutants where NBs undergo 
symmetric cell division. It seems that Pins does not belong to the Insc-independent 
pathway. However, when Gαi is overexpressed in wt NBs, 30% NBs divide parallel to 
the embryo surface and Mira is segregated into both daughter cells although Mira forms 
crescent (for detail in Chapter 5). Furthermore, when Gαi is overexpressed in insc mutant 
NBs, Mira becomes cortical in almost all dividing NBs and is segregated into both 
daughter cells. These results indicate that G-protein might play some role in formation of 
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basal protein crescent. It is interesting to note that the phenotype observed in insc mutant 
NBs overexpressing Gαi is different from that in sna/esg/wor deficient embryos. 
Although ‘telophase rescue’ is disrupted in sna/esg/wor deficient embryos, Mira forms a 
crescent and colocalizes with Pins and is segregated into the large daughter cell. Does 
apical Pins in sna/esg/wor deficient NBs retain Mira at the apical side? When Pins is 
further removed from sna/esg/wor deficient embryos, NBs divide symmetrically as in 
insc;  pins double mutants, Mira is cortically localized and evenly segregated into both 
equal-sized daughter cells. Interestingly, when Gαi is overexpressed in sna/esg/wor 
deficient embryos, Pins is cortical and Mira becomes cortically localized, indicating that 
Pins/Gαi pathway is involved in the basal protein localization. Although the mechanisms 
controlling spindle asymmetry, spindle orientation and cell fate determinants localization 
might be different, these mechanisms are inter-related and Pins/G protein pathway is 
involved in these mechanisms. 
In summary, we demonstrate that similar-sized division in Gβ13F NBs is due to 
the cortical Pins.  All our data suggest that Pins is the molecule that interacts with the 
downstream proteins in Pin/Gαi pathway and Gαi may only serve as the membrane 
adaptor in spindle asymmetry controlling mechanism. 
We would like to propose a model as follows: 
Chapter 4                                Pins function and G protein on spindle asymmetry of NBs 
 124
 
Fig 4.7 Diagrams depicting roles of heterotrimeric G protein subunits Gai, Gao47A, 
Gβ13F, Gγ and Pins in mitotic spindle geometry regulation.  (A) Free Gβ13FGγ is 
required for apical localization of Baz/DaPKC/Par6/Insc and Pins/Gαi, which control the 
spindle asymmetry.  Overexpression of Gαi or Gαo leads to a depletion of free Gβ13FGγ 
and results in cortical localization of Pins and disruption of apical localization of 
Baz/DaPKC/Par6/Insc.  (B) In wildtype NBs, Gβ13F is evenly cortical and 
Baz/DaPKC/Par6/Insc and Pins/Gαi are apical and the spindle is asymmetric.  In the 
absence of Gβ13F, Pins/Gαi is cortical and apical Baz/DaPKC/Par6 is disrupted, which 
result in a symmetric spindle at telophase.  When Pins is removed from Gβ13F NBs, 
Baz/DaPKC/Par6 is partially restored (faint crescent) and the spindle is asymmetric.  In 
Gαi NBs, overexpression of Pins-C-Pon chimeric protein generates symmetric spindles 
by either mimicing cortical Pins/Gαi when it is cortical or antagonizing Baz/DaPKC/Par6 

















Heterotrimeric G protein α subunit and Pins play a role in the 
spindle orientation during Drosophila neuroblasts asymmetric 
cell division 
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5.1 Background 
During neuroblasts (NBs) asymmetric division, the apical complex controls the 
basal localization of cell fate determinants such as Pros and Numb, as well as their 
respective adaptors Mira and Pon, orients the mitotic spindle along the apical-basal axis 
and coordinates these two events (Chia and Yang, 2002; Doe, 1996; Doe and Bowerman, 
2001; Jan and Jan, 2001; Knoblich 2001a; Lu et al., 1998a; Matsuzaki, 2000). The apical 
complex includes Inscuteable (Insc) (Kraut and Campos-Ortega, 1996; Kraut et al., 1996), 
Bazooka (Baz) (Schober et al., 1999; Wodarz et al., 1999), Drosophila homologue of 
Par-6 (DmPar6) (Petronczki et al., 2001), Drosophila homologue of atypical PKC 
(DaPKC) ( Wodarz et al., 1999; Wodarz, 2000), Partner of Insc (Pins) ( Yu et al., 2000; 
Schaefer et al., 2000; Chia and Yang, 2002), α subunit of heterotrimeric G protein (Gαi) 
(Yu et al., 2003) and Locomotive (Loco) (Yu et al., 2005). Asymmetric localization of 
cell fate determinants in dividing NBs is not the sole prerequisite for their asymmetric 
segregation into one of the two daughter cells. It is also essential to align the mitotic 
spindle with the cell polarity axis. The orientation of the mitotic spindle is one of the key 
factors for unequal partitioning of cell-fate determinants. Mitotic spindle orientation 
controls the axis of cell division and can determine whether localized cell-fate 
determinants are segregated symmetrically or asymmetrically.  
Studies in model organisms such as Drosophila, C. elegans, and budding yeast 
established that the interaction of astral microtubules (MTs) with the cell cortex governs 
spindle positioning (see reviews: Ahringer, 2003; Grill and Hyman, 2005; Hampoelz and 
Knoblich, 2004). Cortical cues dictate these interactions and ensure that one spindle pole 
orients toward one end of the cell while the other orients toward the opposite end. In 
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budding yeast, cell division occurs by formation of a daughter bud from the mother cells. 
Subsequent to the selection of the new bud site, the spindle pole bodies (SPB, yeast 
equivalents of centrosomes) become oriented such that one of them points into the newly 
forming bud. Correct segregation of sister chromatids between mother and bud is ensured 
through alignment of the metaphase spindle with the motherbud axis. Movement of the 
spindle toward this position is driven by astral MTs, which emanate from the cytoplasmic 
side of the SPBs (Adames and Cooper, 2000; Pearson and Bloom, 2004; Shaw et al., 
1997). During metaphase, MT interactions with the cell cortex depend on the 
adenomatous polyposis coli (APC)-related protein Kar9 and its partners, Bim1, the EB1 
mammalian ortholog, and the type V myosin Myo2 (Hwang et al., 2003; Korinek et al., 
2003; Lee et al., 2000; Kusch et al., 2002). Cells lacking any one of these proteins 
position their metaphase spindle randomly. However, these cells survive thanks to dynein, 
which corrects the position of the spindle at anaphase onset, together with its cofactors 
Bik1 (homologous to CLIP170), the kinesin-related protein Kip2, and the dynactin 
complex (Adames et al., 2000; Carvalho et al., 2004; Lee et al., 2003). Consequently, 
inactivation of both dynein and Kar9 pathways impairs nuclear segregation and is lethal 
(Miller and Rose, 1998). The search and capture model has been proposed for the correct 
orientation of mitotic spindle in budding yeast (Kirschner et al., 1986), which is 
controlled by two redundant pathways. The first pathway is mediated by the microtubule 
motor dynein and its regulator the dynactin complex. The redundant pathway consists of 
kinesin motor Kip3p, the yeast forming bin1p, microtubule-associated protein Kar9p and 
microtubule-binding protein Bim1p. Importantly, several of the second pathway proteins, 
Kar9p for instance, are localized to the bud cortex and are functionally linked to actin, 
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which is required for spindle positioning in budding yeast (Pruyne and Bretscher, 2000a,b; 
Huisman et al., 2005). Kar9p appears to be transported to the bud cortex along actin 
cables by the type V myosin Myo2p via its binding to Myo2p tail. Myo2p is required for 
Kar9p localization to the bud cortex. The fact that Kar9p localizes to bud cortex and can 
bind simultaneously to both actin motor and microtubule-binding protein Bim1p raises 
one attractive model of how mitotic spindle is oriented in budding yeast: the search and 
capture and signal model (Schyler and Pellman, 2001b). How are the oriented 
microtubules ultimately anchored in the cell cortex? One possibility is the formin protein 
family. In yeast, formins participate in Kar9-mediated microtubule capture by nucleating 
the assembly of actin cable (Evangelista et al., 2002; Sagot et al., 2002). Such cortical 
anchor proteins may also regulate the activity of captured microtubules in mammalian 
cells as well. Also there is a striking parallel between the behavior of Kar9 and that of the 
animal APC (adenomatous polyposis coli) protein. It has been suggested that APC is the 
functional equivalent of Kar9 based on its binding to EB1, the mammalian Bim1, and on 
limited sequence homology. APC moves to the ends of microtubules in a kinesin-
dependent manner and may participate in reorientation of the microtubule organizing 
center (Etienne-Manneville et al., 2003). 
Spindle orientation has also been intensively addressed in early C. elegans 
embryos. In C.elegans, after polarity establishment by the sperm asters, the maternal 
pronucleus migrates to meet the paternal one in the posterior. The pronuclei and 
associated centrosomes then migrate to the center of the cell. This migration is 
accompanied by a 90 degree nucleocentrosomal rotation event that orients the 
centrosomes to lie along the anterior-posterior axis. Reducing the activity of dynein or 
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components of the dynactin complex inhibit this rotation ( Gonczy et al., 1999; Skop et 
al., 1998). The first division of the C. elegans zygote is along the anterior-posterior axis 
and is asymmetric. Besides dynein and the dynactin complex, several other molecules are 
needed for the rotation event that orients the first mitotic spindle. In mutants of several of 
the par genes, the first rotation sometimes fails, suggesting that these polarity molecules 
are required to localize rotation activity ( Cheng et al., 1995; Morton et al., 2002). One 
regulator of rotation appears to be a Gβ subunit of a heterotrimeric G protein: in Gβ 
mutants, rotation sometimes fails, but the localization and other activities of the PAR 
proteins are unaffected, suggesting that Gβ acts downstream of the PARs (Zwaal et al., 
1996). Although mutant embryos in Gα subunit also show spindle orientation defects, 
elegant experiments done by analyses of Gα and Gβγ single or double mutants reveal that 
Gβγ is more directly involved in regulating mitotic spindle orientation while Gα 
functions through Gβγ to affect spindle orientation. 
The issue of spindle orientation in Drosophila melanogaster CNS NBs is quite 
different from those in either yeast or nematode. During neurogenesis, NBs delaminate 
from a layer of neuroectodermal cells. They divide asymmetrically in a stem-cell lineage, 
generating a NB and a smaller ganglion mother cell (GMC) after each division. Most of 
the cells that remain in the neuroectoderm are epidermoblasts; they divide symmetrically 
and give rise to epidermal cells. Epithelial cells divide symmetrically along the planar 
axis of the embryo to produce two daughters of equal size and mitotic potential and 
segregate Pon into two daughter cells (Kaltschmidt et al., 2000b; Fig 5.2 A). Despite 
having the same ectodermal origin as epithelial cells, Drosophila NBs divide 
asymmetrically and the resulting daughter cells have distinct cell size, mitotic potential 
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and cell fate (Fig 5.1 G-L). Changing from a symmetric to an asymmetric division 
requires a reorientation of the division axis. In Drosophila embryonic NBs this involves a 
90 degree rotation of the pro/metaphase mitotic spindle (Kaltschmidt et al., 2000). 
At the heart of the molecular machinery for spindle orientation is Insc. Insc is 
required for correct spindle orientation in dividing NBs and might function to anchor 
apical spindle pool. Although epithelial cells do not normally express Insc, its ectopic 
expression in these cells recruits Pins/Gαi to the apical cortex and reorients the mitotic 
spindle in the apical-basal direction (Yu et al., 2000; Schaefer et al., 2001). This 
anchoring function seems to be conferred by all apical complex genes as mutations in 
these genes show similar spindle reorientation defects during NB divisions. However, in 
insc or other apical component mutant, only small number (10%) of NBs shows spindle 
orientation defects, the spindles in the remaining 90% NBs rotate normally, which 
suggests that there might be an redundant system that also contributes to spindle 




5.2.1 Overexpression of Heterotrimeric Gαi or Gαo subunit causes spindle 
uncoupling 
 In mitotic wt NBs, the apical complex and cell fate determinants form two 
opposite crescents along the apical-basal axis. In early prophase the newly formed mitotic 
spindle is parallel to the epithelium layer and perpendicular to the apical-basal axis. By 
metaphase, the mitotic spindle rotates 90 degree and each spindle pole is always 
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positioned over one of the crescents (Kaltschmidt et al., 2000). In mutations that affect 
spindle rotation, both crescents appear to rotate together with the mis-orientated spindle, 
showing the coupled positions for spindle poles and the crescents. 
 During my previous study of elucidation of G protein signaling pathway and Pins 
function (Chapter 4), we noticed one interesting phenotype which is observed in embryos 
overexpressed with Gαi. The crescent of basal protein does not overly with one spindle 
pole during metaphase (Fig 5.1 E) and is bisected into two daughter cells during 
telophase (Fig 5.1 F, 37.5%, n=112). Here we define this phenotype as “spindle 
uncoupling”. In these NBs, most mitotic spindles are parallel to the epithelial layer, 
suggesting that the spindle does not rotate 90 degree as in wt. Furthermore, in most NBs 
showing uncoupling phenotype, the spindle geometry is largely symmetric and Mira 
crescent is basal. 
 We also observed same “spindle uncoupling” phenotype when Gαo is 
overexpressed in wt NBs (Fig 5.1 C and D) with a higher percentage (50%, n=86). To 
investigate the possibility that uncoupled phenotype is due to the failure of spindle 
reorientation by metaphase, we conducted real-time imaging on the NBs double-labeled 
for spindle (tau-GFP) and basal protein (Pon-GFP). In wt NBs, the confocal time-lapse 
imaging showed that at prophase, two centrosomes were first seen (Fig 5.1 G) and later 
the mitotic spindle was formed (Fig 5.1 H).  Within 2 to 3 min after it was formed, the 
spindle rotated 90 degrees (Fig 5.1 I, J).  The mitotic spindle kept perpendicular to the 
surface (Fig 5.1 K) and the NB entered telophase within about 9~10 min (Fig 5.1 L).  The 
Pon-GFP was segregated into the GMC (arrowhead, Fig 5.1 L).  In the presence of 
overexpression of Gαi, the mitotic spindle formed normally (Fig 5.1 N) but it kept 
Chapter 5                                        Pins/G-protein signaling on spindle orientation of NBs 
 132
wobbling within the planar plane and did not rotate 90 degrees to the apical-basal axis by 
metaphase (Fig 5.1 O, P).  When the NB entered anaphase, the spindle was bent upwards 
(Fig 5.1 Q) with the Pon-GFP concentrated to the basal cortex (arrowhead, Fig 5.1 Q). By 
telophase, spindles remained parallel to the surface and Pon-GFP (arrowhead, Fig 5.1 R) 
was bisected eventually into two daughter cells (Fig 5.1 R). This spindle uncoupling 
phenotype is reminiscent of epithelial cell division. Epithelial cells divide symmetrically 
along the planar axis and segregate Pon-GFP equally between the two daughter cells (Fig 
5.2 A). 






Figure 5.1 Cortical Pins/Gαi and cortical Pins/Gαo prevent spindle reorientation 
by metaphase.   NBs from stage 10 embryos of wt (A, B) and ectopic expression of Gαi 
(C, D) or Gαo (E, F) were triple-labeled with anti-α tubulin (green), anti-Mira (red) and 
DNA (blue).  In wt NBs, Mira crescent always overlaid the basal spindle pole by 
metaphase (A) and the apical half of the spindle elongated preferably late in mitosis (B).  
In the presence of the ectopic Gao or Gai, the spindle did not rotated by metaphase and 
the basal Mira crescent no longer overlaid with one of the spindle poles (C, E).  The 
mitotic spindle remained symmetric and Mira was bisected into two daughters of similar 
size (arrowhead, D, F).  Confocal time-lapsed image of wild-type NBs division (G-L) and  
NBs with ectopic expressed Gαi division (M-R) labeled with tau-GFP (microtubule, 
green) and Pon-GFP (basal crescent, green). The serial time-lapsed images were shown 
from the formation of the mitotic spindle in prophase (two centrosomes, small arrows, G, 
M and spindle formed 1 min later, H, N).  Within 2~3 min after spindle was formed, the 
spindle rotated 90 degrees in wt NBs (I, J) and maintained apical-basal orientation during 
mitosis (K).   Within 9~10 min, spindle became asymmetric and the NB entered 
telophase, segregating Mira to future GMC (GFP-Pon, arrowhead; midspindle, large 
arrow; L).  In the presence of overexpressed Gαi, the mitotic spindle formed normally 
(N), but it failed to rotate 90˚ by metaphase (O, P) and only wobbled within the planar 
plane.  By anaphase the spindle bent upwards (arrow, Q) with the GFP-Pon concentrated 
at the basal cortex (arrowhead, Q). By telophase the spindle remained symmetric (large 
arrow, R) and Pon-GFP was bisected into two daughter cells of similar size (arrowhead, 
Q). DNA is blue. Apical is up. 





Fig 5.2 Time-lapse image of live epithelial cell divisions in wild-type and mutant 
embryos. A. symmetric division of wild-type epithelial cells; the spindle forms parallel to 
the surface of the embryo and remains in this orientation throughout mitosis. Pon-GFP is 
bisected and segregated into two daughter cells.B. symmetric division of epithelial cells 
in embryos overexpressing Gαi, which is similar to wild-type epithelial cell division; C. 
asymmetric epithelial division of epithelial cell in Gαi mutants, spindle rotates 90 degree 
and Pon-GFP is segregated into one daughter cell. Blue arrows mark the Pon-GFP 
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5.2.2 Pins provides anchorage signal for spindle orientation together with Gα 
subunits 
When Gαi or Gαo is overexpressed in pins mutants, there is no equal-sized 
division and “spindle uncoupling” phenotype was not observed neither (Fig 5.3 A-D), 
suggesting that cortical Pins, together with cortical Gαi or Gαo, is required for “spindle 
uncoupling” phenotype. It is possible that the apically localized Pins/Gαi might provide 
the asymmetric cue to anchor one of the spindle poles in wt NBs, resulting in spindle 
rotation by metaphase.  When Gαi or Gαo is overexpressed, Pins becomes uniformly 
cortical and may provide non-localized cue to tether the spindle poles.  Does this non-
localized cue around the mitotic NB cortex confuse the spindle and prevent spindle 
rotation? In wildtype embryos, Pins/Gαi localizes apically in NB and laterally in 
epithelial cells. In pins or Gαi mutants, NBs show defects in spindle orientation during 
metaphase, but most telophase NBs divide perpendicularly to the embryo surface 
(Schaefer et al., 2000; Yu et al., 2000, 2003). We found that epithelial cells also show 
defects in spindle orientation in these mutants (Fig 5.3 I-L; Izumi et al., 2004). In wild-
type embryos, epithelial cells divide parallel to the embryo surface and segregate Pon into 
both daughter cells (Fig 5.2 A). In contrast, they often divide perpendicularly (Fig 5.3 L, 
Fig 5.2 C) or at an oblique angle (Fig 5.3 J and K) to the embryo surface in Gαi or pins 
mutants. These observations suggest that the axis of division in mitotic epithelial cells is 
randomly oriented in Gαi or pins mutant. In embryos overexpressing Gαi, Pins is laterally 
and basally localized in dividing epithelial cells (Fig 5.3 E and G) and epithelial cells 
divide parallel to the embryos surface (Fig 5.3 G and H) as in wt embryos (Fig 5.2 A). 
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Fig 5.3 Pins provides position cue for spindle orientation. (A-B) overexpression 
of Gαi in pins mutant stained for Mira (red). NBs rotate spindle 90 degree during 
metaphase (A) and divide unequally and segregate Mira into the smaller daughter cell 
during telophase (B); (C-D) overexpression of Gαo in pins mutant stained for Mira (red). 
NBs rotate spindle 90 degree during metaphase(C) and divide unequally and segregate 
Mira into the smaller daughter cell during telophase (D); (E-H) epithelial cells in 
embryos overexpressed with Gαi were stained for Pins (green, E, G) and Mira (red, F, H), 
Pins is basolaterally localized during metaphase (E) and telophase (G), Mira is basally 
localized during metaphase (F) and is bisected into two daughter cells (H). (I-L) Gαi 
mutants telophase epithelial cells were stained for the membrane marker BP106 (red) and 
Baz (green). BP106 is found in the lateral and basal membrane domains in epithelial cells 
but stains the entire cell contour in NBs. The apical surface of epithelial cells does not 
stain for BP106. Baz is apically localized. The epithelial cells of Gαi mutants of divide 
perpendicularly (L) or at an oblique angle (J,K) to the embryo surface. Some epithelial 
cells divide parallel to the surface (I) like wild-type epithelial cells. (M-T) mitotic domain 
9 cells in wild-type(M, metaphase; N, telophase), pins (O,Q metaphase; P,R telophase) 
and Gαi (S, metaphase; T, telophase) mutants were stained with anti-Mira (red) and anti-
α-tubulin (green). Wild-type cells (N) in mitotic domain 9 divide perpendicular to the 
embryo surface and segregate Mira into the smaller inner cell. Cells in pins or Gαi 
mutants divide parallel to the surface (P and S).            
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Why are epithelial cell divisions affected in pins or Gαi mutants, but not affected in 
embryos overexpressing Gαi? Pins localizes laterally in wt epithelial cells and 
overexpression of Gαi only results in increased expression level of Pins whose 
localization in epithelial cells is not affected. Therefore, epithelial cell division is not 
affected in embryos overexpressing Gαi. However, some epithelial cells divide 
perpendicularly to the embryo surface when Pins or Gαi is absent. We further noticed that 
Baz is still apically localized in pins or Gαi mutant epithelial cells (Fig 5.3 I-L). Baz 
might provide signal to rotate mitotic spindle of epithelial cells in the absence of Pins/Gαi. 
In mitotic domain 9 of the procephalic neurogenic region, wild-type cells divide 
perpendicular to the surface, producing the smaller GMCs basally (Fig 5.3 N).  In pins 
mutant, cells in mitotic domain 9 divide parallel (Yu et al., 2000) or perpendicularly (Fig 
5.3 Q and R). Defects in the orientation of divisions are similarly observed in Gαi 
mutants (Fig 5.3 S and T).  
 
5.2.3 Overexpression of Gαo can target Pins to the cortical cortex and causes spindle 
uncoupling in the absence of Gαi. 
 In our previous study, we showed that overexpression of Gαo in Gαi mutant can 
substitute Gαi in targeting Pins to the cell cortex (5.4 A, C) and result in equal-sized 
division. Furthermore, the percentage of spindle uncoupling increased (Fig 5.4 B, D), 
suggesting cortical Pins is the key player for spindle uncoupling. However, when Pins-c-
Pon is overexpressed in Gαi mutants, although the endogenous Pins is cortically localized 
(Fig 5.4 E, G) and produce two equal-sized daughter cells, no spindle uncoupling 
phenotype is observed (Fig 5.4 H), suggesting that cortical Pins alone is not sufficient for 
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spindle uncoupling or the C-Pon tag has partially impaired Pins function. However, live-
image experiment of wt NBs labeled with Pon-GFP showed that overexpression of Pon-
GFP does not affect spindle rotation (Fig 5.1 G-L). Hence, It appears that cortical Pins 
needs other signal which might be downstream effectors of G protein signaling pathway 
to provide anchoring signal for the spindle. 





Fig 5.4 Gαo can substitute Gαi in targeting Pins to the cell cortex and generating 
“spindle uncoupling” phenotype in the absence of Gαi.  (A-D) overexpression of Gαo in 
Gαi mutants stained for Pins (green) and Mira (red). Pins is cortically localized during 
metaphase (A) and telophase (C). Mira does not overlie with one spindle pole as shown 
by DNA staining during metaphase (B) and is bisected into two daughter cells during 
telophase (D). (E-H) overexpression of Pins-C-Pon in Gαi mutants stained for Pins (green) 
and Mira (red). Although Pins is cortical during metaphase (E) and telophase (G), Mira 
overlies with one spindle pole during metaphase (F) and segregates into one daughter cell 
during telophase (H). Metaphase spindle should be perpendicular to metaphase DNA 
plane. Apical is up and DNA is blue. 
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5.3 Discussion 
 Here we described a interesting “spindle uncoupling” phenotype induced by 
overexpression of Gαi or Gαo. “Spindle uncoupling” phenotype resembles wild-type 
epithelial cell division. Two sets of polarity cues exist for spindle positioning in epithelial 
cells: a planar polarity cue mediated by the adherens junction and an apical-basal polarity 
cue regulated by Baz. The planar polarity cue is normally dominant over the apical-basal 
polarity cue. Disruption of adherens junction can convert symmetric epithelial cell 
division into asymmetric epithelial division (Lu et al., 2001). When NBs delaminate from 
the epithelium layer, they undergo morphological changes from columnar to round shape, 
losing their contacts with the surrounding cells and thus the adherens junction structure. 
NBs divide perpendicularly to the embryo surface and asymmetrically. Overexpression of 
Gαi or Gαo converts asymmetric NBs division into symmetric cell division, Which is 
similar to wild-type epithelial cell division. Observation of live image of wild-type NBs 
and NBs overexpressing Gαi showed that NBs overexpressing Gαi do not reorientate 
spindle by 90 degree as wild-type NBs, indicating that spindle reorientation is disrupted. 
What is the molecular mechanism by which the spindle reorientates? In NBs 
overexpressing either Gαi or Gαo, Gαi or Gαo is cortically localized and so is Pins. Is 
cortical Pins required for the “spindle uncoupling”? When Gαi or Gαo is overexpressed 
in pins mutant, no “spindle uncoupling” is observed although Gαi or Gαo is still 
cortically localized in NBs, indicating Pins is one of the key players. Furthermore, 
overexpression of Gαo in Gαi mutants also can recruit Pins to the cell cortex and induce 
“spindle uncoupling”. Can cortical Pins alone induce “spindle uncoupling”? Since 
overexpression of Pins in wt or in Gαi mutants can not recruit Pins to the cell cortex, we 
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overexpressed chimeric protein Pins-C-Pon in Gαi mutants which can recruit Pins to the 
cell cortex. However, no “spindle uncoupling is observed. So cortical Pins-C-Pon alone is 
not sufficient for the “spindle uncoupling”. Cortical Pins needs other unknown 
components which might be downstream effector of Gαi or Gαo and this downstream 
effector should be common to both Gαi and Gαo. 
If Pins/Gαi is the molecule providing the cue on which spindle rotation depends, 
the “spindle uncoupling” should occur in pins or Gαi mutants NBs. However no “spindle 
uncoupling” occurs in pins or Gαi mutants, suggesting that a redundant pathway exists. 
However, defects of epithelial cell division are observed in pins or Gαi mutants. Pins is 
laterally localized in wild-type epithelial cells and wild-type epithelial cells divide 
parallelly to the embryo surface and symmetrically segregate Pon into two daughter cells. 
When Pins or Gαi is absent, some epithelial cells divide perpendicularly and segregate 
Pon into one daughter cell. This further confirms our idea that Pins/Gαi provides the 
position cue for spindle. This idea is consistent with previous evidence (Yu et al., 2000; 
Schaefer et al., 2001) that the ectopic expression of Insc in epithelial cells recruits 
Pins/Gαi to the apical cortex and reorients the mitotic spindle in the apical-basal direction. 
Which kind of molecules belongs to the redundant pathway which regulates 
spindle orientation together with Pins? It is likely that molecules which can interact with 
Pins and spindle simultaneously are possible candidates, such as some microtubule-
associated proteins. The C.elegans homologues of Pins, GPR-1/2, interact with Gαi/Gαo 
and a coiled-coil protein, LIN-5, which is required for GPR-1/-2 localization (Gotta et al., 
2003; Srinivasan et al., 2003; Lorson et al., 2000). All these molecules are indeed 
involved in the regulation of forces attracting spindles during early cleavages. Although 
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LIN-5 has no obvious homologue in other species, interestingly, LIN-5 has been 
proposed to be the functional homologue of NuMA (Du and Macara, 2004). It is 
intriguing to note that the Pins ortholog LGN can bind to the microtubule-associated 
NuMA (nuclear/mitotic apparatus protein) and regulate spindle biology in mammals (Du 
and Macara, 2004). LGN functions as a conformational switch that can bind 
simultaneously to NuMA and Gα in its active conformation, thus providing a link 
between G-proteins and microtubules (Du and Macara, 2004). A recent study suggests 
that spindle rotation is also controlled by two redundant pathways required for Pins/Gαi 
asymmetric localization: Baz/Par6/DaPKC/Insc and a novel astral microtubule dependent 
Khc-73/Dlg pathway (Siegrist and Doe, 2005). It is possible that in the presence of 
ectopic Gαi or Gαo, cortical Pins disrupts this astral microtubule dependent polarity 
mechanism in addition to the Baz/Par6/DaPKC/Insc pathway. 
Functional Drosophila homologues of LIN-5 or NuMA may regulate Pins 
localization and the connection between the spindle pole and Pins in NBs. Indeed, two 
very recent studies proposed that Mushroom body defect (Mud) was a functional 
orthologue of mammalian NuMA and Caenorhabditis elegans LIN-5 (Siller et al., 2006; 
Izumi et al., 2006). Mud directly associates and colocalizes with Pins at the cell cortex 
overlying the spindle pole and regulates spindle orientation in Drosophila NBs. The 
cortical Mud-Pins-Gαi complex probably interacts with the plus end of astral 
microtubules, either directly with tubulin or with microtubule plus-end-binding proteins. 
Pins apical localization is dictated by astral microtubules via Khc-73 and the cortical Dlg 
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